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Claims 8, 13-16, 31, 49 and 50 are pending in this application. Claims 14-16 
are withdrawn from consideration. 

As requested by the Examiner, a clearer version of claim 13 has been 
presented. 

The Applicants have amended claims 8, 49 and 50. Claims 14-16 remain 
withdrawn. The Applicants respectfully note that the withdrawn claims have also 
been amended. 

Additionally, the Applicants have added new claims 51-53 to the present 
application. The Applicants respectfully submit that the new claims do not add subject 
matter to the present application. Support for new claim 51 can be found in claim 8 
and in the specification, particularly, in Example 23. 

Upon entry of the present amendment, claims 8, 13, 31 and 49-53 are pending 
in this application and claims 14-16 are withdrawn. 

I. Rejections under 35 U.S.C. 102 

The Office has rejected claim 8 under 35 U.S.C. 102(b), as being anticipated by 
Howard (EP '435). Specifically, the Office has stated that at least one species within 
claim 8 is anticipated by Howard. 

Based on the amendment of claim 8 as set forth in the present amendment, 
including the cancellation of 6-[3-(4-1,2-benzisothiazol-3-yl-piperazin-1-yl)-propyl]-4- 
methyl-3,4-dihydro-1 H-quinolin-2-one, the Applicants respectfully submit that the 
rejection under 35 U.S.C. 102(b) has been rendered moot. 
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II. Rejections under 35 U.S.C. 103 

The Office has rejected claims 8, 13, 31 and 49-50 under 35 U.S.C. 103(a), as 
being unpatentable over Howard (EP '435). 

Based on the argument and comparative data presented below, the Applicants 
respectfully submit that the subject matter of the amended claims is patentable over 
Howard. 

Atypical antipsychotics show improved efficacy with fewer side effects 
compared to first generation typical antipsychotics. While both typical and atypical 
antipsychotics are potent antagonists of dopamine D 2 receptors, most atypical 
antipsychotics have affinity for serotonin (5-HT) receptors (Meltzer, 1999; Werkman et 
al, 2006). Affinity for the 5-HT2A subtype of serotonin receptors is thought to 
contribute to the lower incidence of extrapyramidal side effects as well as additional 
efficacy against both positive and negative symptoms associated with schizophrenia 
(Scanton and Sanger, 2000). In fact, most atypical antipsychotics have higher affinity 
for 5-HT2A receptors relative to D 2 receptors as measured in receptor binding assays; 
a feature thought to be important for the atypical antipsychotic profile (Meltzer, et al, 
1989; Meltzer, 1999). 

The compound of claim 51 and free base of claim 8, 6-[2-(4-benzo[d]isothiazol- 
3-yl-piperazin-1-yl)-ethyl]-7-chloro-4,4,8-trimethyl-3,4-dihydro-1H-quinolin-2-one 
(Compound 1), differentiates from the closely related compounds of Howard 
(Compounds of examples 45, 51 and 49, respectively) by having a 3.3 to 4.8-fold 
higher affinity at serotonin 5-HT2A receptors and a 14 to 19-fold higher D 2 /5-HT2a ratio 
(Table 1). 

Likewise, the compound of claim 49 and free base of claim 50, 6-[2-(4- 
benzo[d]isothiazol-3-yl-piperazin-1-yl)-ethyl]-8-chloro-4,4-dimethyl-3,4-dihydro-1H- 
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quinolin-2-one (Compound 2) differentiates from the closely related compounds of 
Howard (Compounds of examples 45, 51 and 49, respectively) by having a 4.7 to 7.6- 
fold higher affinity at serotonin 5-HT2A receptors and a 47 to 65-fold higher D 2 /5-HT2a 
ratio (Table 2). 

These profiles demonstrate that the compounds of the claimed invention have 
superior efficacy with the expectation of a reduced side-effect profile as compared to 
the compounds of Howard. 



Table 1 . Inhibitory affinity constants (Ki) for Compound 1 and related compounds on 
dopamine D2 and serotonin 5-HT2A receptors as measured in radioligand receptor 
binding assays 



Compoun 
d 


Structure 


D 2 Ki 
(nM) 


5-HTza 
Ki (nM) 


D2/5- 

HT2A 

ratio 


1 


Ov 
\ # 

S— N 


Ck 






6 


0.1 


60 


e.g. 45 in 
Howard 


S— N 






f° 


1.5 


0.48 


3.1 






CX' X 










e.g. 51 in 
Howard 


S — N 






*° 


2.3 


0.53 


4.3 


e.g. 49 in 
Howard 




1.3 


0.33 


3.9 
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Table 2. Inhibitory affinity constants (Ki) for Compound 2 and related compounds on 
dopamine D 2 and serotonin 5-HT2A receptors as measured in radioligand receptor 
binding assays 



Compoun 
d 




D 2 Ki 
(nM) 


5-HTza 
Ki (nM) 


D2/5- 
HTza 
ratio 


2 


\ Y w 

S-— N 


CI 

A 






14 


0.07 


200 


e.g. 45 in 
Howard 


\ // 

S — N 






1.5 


0.48 


3.1 


e.g. 51 in 
Howard 


S— N 


0 






2.3 


0.53 


4.3 


e.g. 49 in 
Howard 


S— N 






^,0 


1.3 


0.33 


3.9 
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The following references referred to in the argument provided above are attached for. 
your convenience: 

Meltzer H.Y. The role of serotonin in antipsychotic drug action. 
Neuropsychopharm 1999; 21(2S):106S-15S. 

Scanton, B. and Sanger, D.J. Pharmacological and molecular targets in the 
search for novel antipsychotics. Behavioural Pharmacology. 2000; 1 1 :243-256. 



Meltzer, H.Y., Matsubara, S., Lee, J-C. Classification of typical and atypical 
antipsychotic drugs on the basis of dopamine Di, D 2 , and serotonin 2 pK ( values. J. 
Pharmacol. Exp. Ther. 251:238-46, 1989. 

Werkman T.R., Glennon, J.C., Wadman, W.J. and McCreary, A.C., Dopamine 
receptor pharmacology: Interactions with serotonin receptors and significance for 
the aetiology and treatment of schizophrenia. CNS & Neurological Disorders - 
Drug targets. 2006;5:2-23. 

Based on the foregoing, the Applicants respectfully submit that the claimed 
subject matter is patentable over Howard and request that the rejection under 35 
U.S.C. 103(a) be withdrawn. 

III. Provisional Rejection under under Obviousness-type double patenting 

The Office has stated that claims 8, 13, 31 and 49-50 are provisionally rejected 
on the group of nonstatutory obviousness-type double patenting as being 
unpatentable over claims of copending Application Serial No. 10/672,949. 

The Applicants hereby state that the instant application and copending were 
commonly owned at the time the instant invention was made. 

The Applicants hereby acknowledge the provisional rejection under the 
judicially created doctrine of obviousness-type double patenting. No terminal 
disclaimer will be filed at this time. 
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IV. Conclusion 

Upon entry of the present amendments, the Applicants submit that this 
application is now in condition for allowance, which allowance is respectfully solicited. 

If the Examiner believes that a telephone conference would expedite the 
prosecution of this application, please telephone the undersigned at 734-622-2658. 

Respectfully submitted, 



Suzanne M. Harvey v 
Registration No. 42,640 
Warner-Lambert Company 
2800 Plymouth Road 
Ann Arbor, Ml 48105 
Telephone: (734) 622-2658 
Facsimile: (734)622-1553 
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ABSTRACT 

The pK» values of 13 reference typical and 7 reference atypical 
antipsychotic drugs (APDs) for rat striatal dopamine D-1 and D- 
2 receptor binding sites and cortical serotonin (5-HT 2 ) receptor 
binding sites were determined. The atypical antipsychotics had 
significantly lower pK, values for the D-2 but not 5-HT 2 binding 
sites. There was a trend for a lower pK, value for the D-1 binding 
site for the atypical APD. The 5-HT 2 and D-1 pK, values were 
correlated for the typical APD whereas the 5-HT 2 and D-2 pK 
values were correlated for the atypical APD. A stepwise discrim- 
inant function analysts to determine the independent contribution 
of each pK< value for a given binding site to the classification as 
a typical or atypical APD entered the D-2 pK, value first, followed 
by the 5-HT 2 pK, value. The D-1 pK, value was not entered. A 
discriminant function analysis correctly classified 19 of 20 of 



these compounds plus 14 of 17 additional test compounds as 
typical or atypical APD for an overall correct classification rate 
of 89.2%. The major contributors to the discriminant function 
were the D-2 and 5-HT 2 pK, values. A cluster analysis based only 
on the S-HTz/Da ratio grouped 15 of 17 atypical + one typical 
APD in one cluster and 19 of 20 typical + two atypical APDs in 
a second cluster, for an overall correct classification rate of 
91.9%. When the stepwise discriminant function was repeated 
for ail 37 compounds, only the D-2 and 5-HT 2 pKi values were 
entered into the discriminant function. These data suggest de- 
termination of D-2 and 5-HT 2 pK, values may be useful for rapid 
screening of candidate atypical APDs with only minimal false 
positives. The implications of these findings for the mechanism 
of action of atypical APDs is discussed. 



Clozapine has been shown to be a more effective APD than 
chlorpromazine in two recent multicenter clinical trials (Clagh- 
orn et oL 9 1987; Kane et at, 1988). Clozapine also produces less 
acute EPS than typical APDs (Matz et at, 1974), and does not 
elevate serum PRL levels in humans (Meltzer et aL 9 1979). 
There have been no reliable reports that clozapine produces or 
exacerbates TD, although it can block the symptoms of TD 
(Meltzer and Luchins, 1984). It has been suggested that a 
common biological effect of clozapine on neurotransmitter sys- 
tem(s) may be relevant to all these clinical advantages (Meltzer, 
1989). Early theories concerning the mechanism of action of 
clozapine have been reviewed elsewhere (Meltzer, 1989). 

The antagonist action of typical neuroleptic drugs, as well as 
clozapine, for the DA D-2 receptor (negatively coupled to 
adenylate cyclase) in the mesolimbic and mesocortical DA 
systems has been considered to be the major basis of their 
antipsychotic action (Meltzer and Stahl, 1976; Seeman et aL, 
1976). There is no evidence that any of the typical neuroleptics 
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are more effective as antipsychotic agents than any other 
(Baldessahni, 1985). However, the affinity of clozapine for the 
D-2 receptor in vitro correlates with average clinical dose on 
the same regression line as other neuroleptic drugs (Seeman, 
1980), whereas in vivo it is, if anything, weaker as a striatal D- 
2 antagonist than would be predicted on the basis of this 
regression (Farde et ol t 1988, 1989). It is therefore unlikely 
that the D-2 antagonistic effect of clozapine can explain its 
superior efficacy. This will be addressed further under "Discus- 
sion." 

Recent evidence suggesting an important influence of ago- 
nists and antagonists for DA D-1 receptors (positively coupled 
to adenylate cyclase) on a variety of behaviors that are influ- 
enced by D-2 receptor stimulation has been reviewed by Clark 
and White (1988). This, plus several biochemical and behav- 
ioral studies showing an effect of clozapine on various D-1 
mechanisms (Andersen et aL t 1986; Andersen and Braestrup, 
1986; Rupniak et ol t 1985; Chipkin and Latranyi, 1987; Altar 
et ol t 1988; Gudelsky and Meltzer, 1989), has led to the hy- 
pothesis that the effect of atypical APD on D-1 receptors, 
either absolutely or relative to their effect on D-2 receptors, 
could be of critical importance for the clinical advantages of 



ABBREVIATIONS: APD. antipsychotic drugs; EPS. extrapyrarnidal symptoms; PRL, prolactin; TD. tardive dyskinesia; DA. dopamine; D-1 and D-2, 
DA receptor subtypes; 5-HT. 54iydroxytryptamine (serotonin). 
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APDs both for EPS (Andersen and Braestrup, 1986; Chipkin 
and Latranyi, 1987) or their antipsychotic action (Altar et aL, 
1988). 

The effect of atypical APDs on 5-HT receptors has also been 
suggested to be relevant to their unique properties. There is 
considerable evidence that clozapine is a potent 5-HT antago- 
nist in vivo (Sulpizio et aL, 1978; Pjalland, 1979; Lai et aL, 1980; 
Fink et aL, 1984; Nash et aL, 1988). Both Sulpizio et aL (1978) 
and Lai et al (1980) suggested that the antiserotonergic prop- 
erties of clozapine, in relation to its antidopaminergic proper- 
ties, might account for its lack of EPS as there is considerable 
evidence that 5-HT antagonists diminish the ability of neuro- 
leptic drugs to produce catalepsy (Costall et aL, 1975; Costall 
and Naylor, 1978; Waldmeier and Delini-Stula, 1979). Similar 
suggestions have been made by Altar et aL (1986b) and Ras- 
mussen and Aghajanian (1988). 

Thus, whether the D-l or 5-HT 2 antagonist properties of 
atypical APDs, both or neither, in addition to their D-2 antag- 
onism, are relevant to the atypical properties of clozapine-like 
drugs is controversial. Part of the difficulty in evaluating these 
hypotheses is that the studies cited above examined relatively 
few typical or atypical APD. Secondly, as noted above, there is 
ambiguity about classification of some APDs as typical or 
atypical. A third problem is that many APDs, e.g., SCH 23390, 
trifluoperazine, fluphenazine, perphenazine, prochlorperazine, 
os-flupentixol, (+)-butaclamol, RMI 81582, etc., have strong 
affinities for both D-l and 5-HT 2 receptors (see tobies 1 and 
6). 

In this study we measured the affinities of a large group of 
typical and atypical APDs for rat striatal D-l and D-2 and 
cortical 5-HT 2 receptor binding sites to determine the impor- 
tance of D-l, D-2 and 5-HT 2 absolute or relative affinities in 
distinguishing these two classes of APDs. Drugs were classified 
as atypical if: 1) clinical trials indicated antipsychotic activity 
with minimal extrapyramidal side effects; 2) clinical experience 
suggests no causation of TD or small elevation of serum PRL 
levels; or 3) if preclinical studies demonstrated no or weak 
cataleptic potential. 

We first examined a group of 13 typical and 7 atypical APDs 
(Table 1) for which there is quite good clinical data, to classify 
them as typical or atypical. All compound which produce large 
increases in serum PRL levels or high EPS, or both, were 
classified as typical. These are designated as the reference 
compounds in the rest of this report. They were used to develop 
a discriminant function which was then used to classify 17 
other drugs (table 6) which are less certainly classified as 
atypical or typical APD. These 17 compounds comprise the test 
group. The test compounds were a priori classified as typical or 
atypical on the basis of the clinical criteria cited above, if 
available, or on the basis of producing weak or no catalepsy in 
rodents. The classification of the reference and test compounds 
on the basis of the clinical and preclinical evidence was then 
compared with that provided by the discriminant function. It 
should be noted that all compounds were classified as typical 
or atypical before determination of their D-l, D-2 or 5-HT 2 
affinities. To confirm our results, a cluster analysis of the 
compounds based only on the ratio of the pKi values for the 5- 
HT 2 and D-2 receptor binding sites was carried out. 

Materials and Methods 

Materials. Male, Sprague-Dawley rats weighing 200 to 250 g (Zivic 
Miller Laboratories, Hilbon, PA) were used. The rats were sacrificed 



by decapitation. Dissected striata and frontal cortex were frozen on dry 
ice and stored at -80*C until used. 

[ a H)SCH 23390 (66-70 mCi/mmol), [ a H]spiperone (26.8 mCi/mmol) 
and [ S H] ketanserin (61-61.9 mCi/mmol) were purchased from DuPont 
New England Nuclear (Boston, MA). Chlorpromazine was purchased 
from Sigma Chemical Co., St. Louis, MO). The other drugs were 
generously provided by the manufacturers: (+)-butaclamol (Ayerst 
Laboratories, New York, NY) molindone (Endo Laboratories, Garden 
City, NY); pipamperone, spiperone, ritanserin, mope rone, benperidol, 
ketanserin and setoperone (Janssen Pharmaceutic^ Beerse, Belgium); 
amoxapine and lozapine (Lederle Laboratories, Pearl River, NY); 
melperone, FG 5803 and amperozide (Pharmacia, Malmo, Sweden); 
cis-flupentixol (Lundbeck, Copenhagen, Denmark); haloperidol and. 
pimozide (McNeil Laboratories, Inc., Fort Washington, PA) tiospirone 
(Mead Johnson and Co., Evansville, IN); RMI -81582 (Merrell Dow 
Pharmaceuticals, Cincinnati, OH); thiothizene (Pfizer Inc., New York, 
NY): clozapine, fluperlapine, perlapine, clothiapine, mesoridazine and 
thioridazine (Sandoz Pharmaceuticals, Hanover, NJ); chlorpromazine, 
prochlorperazine and trifluoperazine (Smith Kline and French Labo- 
ratories, Philadelphia, PA); fluphenazine (E. R. Squibb & Sons, Prince- 
ton, NJ): SCH 23390 and perphenazine (Schering-Plough, Bloomfield, 
NJ); tenilapine and rilapine (Knoll Pharmaceutical Co., Orange, NJ); 
CGS 10746 (Ciba-Geigy, Summit, NJ), HP 370 (Hoechat-Roussel Phar- 
maceutical Co., Somerville, NJ); methiothepine (Hoffmann-La Roche, 
Inc., Nutley, NJ); and zotepine (Fujisana Pharmaceutical Co., Tokyo, 
Japan). 

Methods. Homogenates of striatal or cerebral cortical tissue from 
rats were prepared in 100 volumes (W/V) or 50 volumes, respectively, 
of 50 mM Tris-HCl (pH 7.7 at 25'C) containing 5 mM EDTA with a 
Polytron setting of 6 (20 sec). The homogenates were centrifuged twice 
(48,000 g x 10 min at 4*C) with intermediate reauspension in 50 mM 
Tris-HCl buffer (pH 7.4 and pH 7.7 for striatal and cortical tissues, 
respectively) at 25°C and centrifuged again. The final pellets were 
resuspended in these buffers before use in the binding assay. 

The assays were carried out according to the methods of Billard et 
al (1984) for DA D-l (Mikuni et aL, 1984), for DA D-2 (Stockmeier 
and Kellar, 1986) and for 5-HT, receptor binding with modifications 
as described below. All determinations were done at least in duplicate. 

Aliquot* of the membrane preparation were incubated with ['HJSCH 
23390 (for DA D-l receptor binding) or [ s H)spiperone (for D-2 binding) 
for 15 min at 37*C in 50 mM Tris-HCl (pH 7.4 at 25*C) containing (in 
nuUlimolar): NaCl, 120; KC1, 5; CaCl* 2; and MgCl„ 1. The assay 
mixture for D-2 binding also contained 0.1% ascorbate and 50 nM 
ketanserin (to block 5-HT 2 binding sites). Aliquots of cortical mem- 
brane preparations were incubated with [ 3 H] ketanserin (for 5-HT s 
receptor binding) for 15 min at 37 # C in 50 mM Tris-HCl (pH 7.7). The 
final tissue concentrations were 1 mg of original wet weight tissue per 
2 ml for [ S H]SCH 23390 binding, 2 mg/3 ml for [ 9 H]spiperone binding 
and 5 mg/2 ml for l*H] ketanserin binding. In preliminary association, 
experiments, equilibirum was established by 10 min for the D-l and D- 
2 assays (data not presented). Under similar assay conditions, equilib- 
rium was demonstrated with [ S H] ketanserin by 5 min (Leysen et aL, 
1982). 

The incubation was terminated by rapid filtration over Whatman 
GF/B (for D-l and D-2) or GF/C (for 5-HT») filters. The filters were 
rinsed 3 times with 5 ml of ice-cold 50 mM Tris-HCl buffer (pH 7.7 at 
25 # C). 

Nonspecific binding was determined in the presence of 1 jiM cis- 
flupentizol (for D-l binding), 1 iM (+)-butaclamol (for D-2 binding) 
or 2 fM methysergide (for 5-HT 2 binding). 

ICao values for the displacement of [ S HJ SCH 23390 (0.5 nM), [ 3 HJ 
spiperone (0.2 nM) or 0.5 nM [*H]ketanserin were determined by log- 
probit analysis of data from inhibition experiments in which nine 
different concentrations of drugs spanning three orders of magnitude 
were used. Nonspecific binding at these concentrations of 9 H-ligands 
were about 10% (for D-l), 18% (for D-2) and 11% (for 5-HT a ) of total 
binding (about 5,000 dpm for D-l, 2,900 4pm for D-2 and 10,800 dpm 
for 5-HTa). 
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Ki values were calculated according to the equation: K = ICaa/(l+ 
L/K d ) with L the concentration and K D the apparent dissociation 
constant of the 'H-ligand obtained from Scatchard analysis of satura- 
tion experiment data. Each K{ value was determined at least in dupli- 
cate. The mean coefficient of variation for duplicate determinations of 
the Ki value for the three types of binding sites was 14.5 ± 4.1% (S.D.). 

Data Analysis. In order to normalize the data for statistical analy- 
sis, the (-)-log of the Ki values (pK*) was used in all calculations. The 
mean pK* values of the 13 reference typical compounds for the D-l, D- 
2 and 5-HT, binding sites and the ratios of the pK* values for the 5- 
HTi/D-2, 5-HTi/D-l and D-l/D-2 binding sites were compared with 
those of the seven atypical drugs by analysis of variance. The correla- 
tions between the pK« values of the three binding sites were determined 
for all compounds and the two groups (Spearman rho). We next 
determined the contribution of each pKi to the discrimination of the 
two classes of drugs through a stepwise discriminant function using the 
SAS program, STEPDISC. (Discriminant analysis is useful in deciding 
which combination of variables is most important in predicting group 
membership. Discriminant function generates a linear combination of 
those variables such as the pK| values for D-l, D-2 and 5-HT 2 binding 
sites, which potentially can distinguish between two populations when 
appropriate weightings are applied.) In one type of discriminant func- 
tion analysis, stepwise selection enters the variable which contributes 
most to the discriminatory power of the model as measured by Wilk's 
lambda, the likelihood ratio criterion. When none of the unselected 
variables meet the entry criterion, the stepwise selection stops. Vari- 
ables are chosen to enter or leave the model according to the signifi- 
cance level of an F test. The F test is used to assess whether or not the 
addition of any specific independent variable to the model significantly 
improves the prediction of group membership, given that all the other 
variables are already in the model (Costanza and Afifi, 1979). 

We next used the SAS DISCRIM procedure to compute a linear 
discriminant function and then used it to classify the 20 reference APD 
into two groups on the basis of the pKi values for the 5-HT„ D-l and 
D-2 binding sites. The discriminant function, also known as a classi- 
fication criterion, is determined by a measure of generalized squared 
distance (Rao, 1973). The classification criterion was then applied to 
the group of 17 test compounds which are less certainly classified as 
typical or atypical to reexamine the relationships between pK< values 
and type of antipsychotic previously examined for the 20 reference 
APDs. The univariate and multivariate analyses carried out for the 
reference APDs were then repeated for all 37 compounds. A preliminary 
report of this study with fewer APDs has appeared elsewhere (Matsu- 
bara and Meltzer, 1988). 

Finally, we used the SAS CLUSTER procedure to determine the 
number and nature of the optimal number of clusters for all 37 
compounds using only the 5-HTi/D-2 ratio. The results are reported 
utilizing Ward's rmr" mnTW variance method (Ward, 1963). 

Results 



TABLE 1 

pK, values of D-1, D-2 and S-HT, receptor 
for reference typical and typical APDs 



UraUP 




pK, Values 


Ratios of pMaues 


0-1 


D-2 




0-1/0-2 






Typical 












1.02 


Chtorpromaztne 


7.0 


8.5 


8.7 


0.88 


1.16 


Trifluoperazine 


7.7 


89 


8.4 


0.88 


1.08 


0.95 


Ruphenazine 


O.O 


9.2 


8.6 


0.90 


1.04 


0.94 


Perphenazine 


7.9 


9.2 


8.6 


0.86 


1.08 


0.93 


Prochlorperazine 


8.0 


9.2 


8.2 


0.86 


1.12 


0.89 


nawpenoo* 


7.0 


9.0 


7.7 


0.79 


1.09 


0.86 


Moperone 


6.4 


8.7 


7.7 


0.74 


1.20 


0.89 


Pimozide 


6.1 


9.4 


8.1 


0.64 


1.34 


0.86 


c/s-Flupentixo) 


8.6 


9.0 


8.7 


0.96 


1.01 


0.96 


Thiothixene 


7.5 


9.2 


7.3 


0.81 


0:97 


0.79 


Loxapine 


7.5 


8.1 


8.7 


0.94 


1.16 


1.09 


MoBndone 


5.8 


7.8 


6.3 


0.74 


1.09 


0.81 


(+)-Butadamol 


8.4 


9.5 


8.5 


0.88 


1.01 


0.89 


Atypical 










1.22 


1.19 


Clozapine 


6.8 


7.0 


8.3 


0.98 


Rupertapine 


6.8 


6.5 


8.1 


1.04 


1.18 


1.24 


RMI 81582 


8.4 


7.1 


8.6 


1.19 


1.02 


1.21 


Metperone 


5.6 


6.7 


7.5 


0.84 


1.34 


1.13 


Amperoztoe 


6.2 


6.3 


8.0 


0.99 


1.27 


1.26 


Sotoperone 


6.0 


7.9 


9.4 


0.77 


1.56 


1.20 




6.7 


8.8 


10.2 


0.77 


1.51 


1.15 



TABLE 2 

pK. values' of D-1, D-2 end 5-HT, 
and atypical APDs 



binding altee of typical 



Biting Situ 


Typical (13) 


Atypical (7) 


P* 


D-1 


7.44 ± 0.89 


6.67 


±0.90 


.080 


D-2 


8.89 ± 0.51 


7.18 


±0.87 


.0001 


5-HT 2 


8.11 ±0.71 


8.57 


±0.91 


.23 


D-1 /D-2 


0.84 ± 0.09 


0.94 


±0.16 


.080 


5-HTj/D-1 


1.10 ±0.10 


1.30 


±0.19 


.005 


5-HT2/D-2 


0.91 ± 0.08 


1.20 


±0.05 


.0001 


•Mean±S.D. 
0 As determined by 


analysis of variance. 









TABLE 3 



between pK« values tor D-1, D-2 and 5-HT, 
reference typical and atypical drugs 



Antipsychotics 


n 


Spsarman Condition of pKi Ratios 

0-1-D-2 WfMM WfMW 


All reference compounds 


20 


0.47** 0.41f 


0.12 


Typical 


13 


0.37 0.61" 


-0.09 


Atypical 


7 


0.11 0.32 


0.89" 



# P<.05; M Ps .07; fP<.10. 



The pKj values for D-l, D-2 and 5-HT 2 binding sites for the 
13 typical and 7 atypical reference APDs are given in table 1, 
along with the ratios of the pK s values: D-l/D-2, 5-HTa/D-l 
and 5-HTa/D-2. The Hill coefficients, determined by the 
EBDA-LIGAND program or graphically, for each receptor 
binding site did not significantly differ from unity, indicating 
that under these conditions, the compounds bound to a single 
class of receptor sites (data not presented). As indicated in 
table 2, the D-2 pK t values of the typical drugs were signifi- 
cantly greater than those of the atypical drugs. There was a 
trend in the same direction for the D-l pK ; values. There was 
no difference in the pK| values for the 5-HT 2 binding sites. The 
5-HT2/D-I and 5-HTi/D-2 ratios were significantly lower for 
the typical compared to the atypical APD. There was a trend 
in the same direction for the D-l/D-2 ratio. There was no 



overlap in the 5-HT2/D-2 ratio between the two groups 
(table 1). 

Table 3 provides the correlations between pKj values for all 
20 reference APDs and for the 13 typical and 7 atypical APDs 
separately. A significant correlation between D-l and D r 2 pKi 
values was present for the entire group but fails to achieve 
statistical significance for either subgroup alone. There was a 
trend for the 5-HT 2 and D-l pK 4 values to be correlated for all 
20 compounds. This was significant only for the 13 typical 
compounds. The greatest difference between the two groups 
was for the 5-HT 2 -D-2 correlations. A highly significant 5-HT 2 - 
D-2 correlation was found for the 13 atypical APDs (rho ■ 
0.89, P = 0.007) compared to none for the typical APD 
(rho = -0.09). 

The stepwise discriminant function determined that the D-2 
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pKi value should be entered first because it accounted for the 
largest portion of the variance, 64%, then the 5-HT 2 affinity 
which accounted for another 17% of the variance (table 4). The 
D-l pK value did not meet the criterion for entry (P = 0.10). 
The average squared canonical correlation is the maximal 
multiple correlation and provides an estimate of the variance 
accounted for by the D-2 and 5-HT 2 pKi values. 

We next carried out a discriminant function analysis using 
the D-l, D-2 and 5-HT 2 pK| values. The discrimination of the 
two groups of APDs based on these parameters was highly 
significant (table 5). Examination of the standardized discrim- 
inant coefficients indicates the order of contribution to the 
discriminant function was D-2 > 5-HT 2 » D-l. The relative 
magnitude and sign of the standardized discriminant coeffi- 
cients provides an index of the contribution of each type of pKi 
value to the discriminant function. Thus, together with the 
class means presented in table 5, it was concluded that the low 
D-2 pKi values of atypical drugs contribute more than their 
high 5-HT 2 pKi values and much more than their low D-l pKi 
values to the discrimination from typical APDs. 

The linear discriminant function was applied to the 20 ref- 
erence compounds and the 17 test compounds. The pKi values 
of the 17 test compounds are given in table 6. The Hill coeffi- 
cients of these 17 compounds for each of the receptor binding 
sites also did not differ significantly from unity. The raw 
canonical correlations from the discriminant function provide 
the coefficients for the linear discriminant function (V) to 
classify the test compounds. Table 7 provides a list of the 
compounds as classified on the basis of this equation which is 
given in the table. A completely symmetrical cutoff point was 
used to classify the compounds (Kleinbaum and Kupper, 1978). 
The cutoff point, 6.48, was based on the average of the mean 

TABLE 4 

Stepwise discriminant function for reference typical and atypical 



drugs 







f 


P 


Avenged 
squared 
canonjpjl 


First variable ei 


ntered: pK D-2 


31.33 


0.0001 


0.64 


Second variabl 


e entered: pK< 5-HTa 


15.23 


0.001 


0.81 


Significance le> 


rel to enter = .10 









TABLE 5 

Discriminant analysis with variables pK, of D-1, D-2 and 5-HT. 
receptor binding sites for reference typical and atypical APDs 

The class means for each group were obtained by the tbeowing procedure. First, 
the mean of the pK value for a» 20 compound 

and subtracted from that of each drug to obtain three centralized pK, values for 
each drug. Next, each of these centralized pK, values was multiplied by the 
respective unstandardized discriminant coefficients for the corresponding pK< value 
given in the equation in table 7. This produces a canonical score for each drug. 
The class mean is the mean canonical score for each group. The magnitude and 
sign of the class means provide a measure of how wed the two groups are 



Standardized 

Variatfe DooMnant 
Cosfltiant 


pK, D-1 


0.49 


pK.D-2 


2.05 


pK,5-HT 2 


-1.22 


Class Mams on Can** Variables 


Type 


Ota Mean 


Atypical 


-2.89 


Typical 


1.56 



TABLE 6 

pK values of CM, D-2 and 5-HT, receptor btncttng site* and ratios 
for test typical and atypical APDs 



Coropound 




pK, Values 






Ratios of pK,Va 


lues 




D-1 


04 




D-1 /D-2 


5-HTt/T>1 


5-HTj/D-2 


Typical 
Thioridazine 


7.5 


8.1 


8.2 


0.93 


1.10 


4 AO 

1.02 


Mesori- 


7.3 


8.1 


8.2 


0.90 


1.13 


1.01 


dazJne 
Amoxapine 


7.2 


7.7 


8.9 


0.93 


1.23 


1.15 


Clothiapine 


8.1 


8.7 


9.2 


0.93 


1.14 


1.06 


Methkv 


8.7 


9.7 


9.4 


0.90 


1.08 


0.97 


uKjpm 
Spiparona 


5.7 


10.0 


9.4 


0.57 


1.65 


0.94 


Denperidoi 


7.9 


9.7 


8.6 


0.82 


1.08 


0.69 


Atypical 














Ritansarin 


7.0 


7.9 


9.7 


0.89 


1.39 


1.23 


Pipanv 


6.0 


6.9 


9.2 


0.88 


1.53 


1.34 


parona 
RQapine 


8.5 


7.4 


9.1 


1.15 


1.07 


1.24- 


TenOapine 


7.7 


5.8 


7.4 


1.32 


0.96 


1.26 


SCH 23390 


9.6 


6.2 


7.7 


1.55 


0.81 


1.26 


Pertapine 


6.6 


6.3 


7.9 


1.05 


1.19 


1.26 




8.6 


9.0 


9.2 


0.96 


1.06 


1.02 


CGS 10746 


6.0 


5.2 


5.8 


1.15 


0.98 


1.12 


HP 370 


7.9 


8.1 


8.1 


0.98 


1.03 


1.01 


FG5303 


5.4 


6.3 


8.0 


0.86 


1.48 


1.27 



TABLE 7 

Classification analysis of 37 putative APDs based on old values for 
D-1, D-2 and 5-HTa receptor binding sites of 20 reference drugs 

Equation to classify antipsychotic drugs: 



Log Y - 0.520 x pK, D-1 + 1 .952 x pK D-2 - 1 .544 pK, 5-HT, 


Cutoff Poh* 


it = V* (log Y» 


+ Log Y^J - 6.4S 




Typfcal 


Log/ 
Score 


ArypacaJ 


Logr 
Score 


Thiothixene 


10.64 


Loxapine* 


6.15 


Butaciarnot 


9.88 


Amoxapine" 


5.10 


benpenooi 


9.82 


SCH 23390 


5.03 


Prochlorperazine 


9.45 


RM1-81582 


5.00 


HatoperirJol 


9.28 


Tiospirone 


5.00 


rnrnozioe 


8.98 


Riiapine 


4.72 


Metniothepin 


8.95 


Clozapine 


4.36 


Perphenazine 


8.89 


Meiperone 


4.22 


Ruphenazine 


8.84 


CSG 10746 


4.22 


cfe-flupentixol 


8.62 


Tenilapine 


4.02 


Molindone 


8.55 


Ritansertn 


3.99 


Moperone 


8.38 


Setoperooe 


3.96 


Trifluoperazine 


6.33 


Rupertapine 


3.84 


Spiperone 
Zotepine* 
HP-370 - 


7.98 


Pertapine 


3.52 


7.83 


Amperozide 


3.25 


7.30 


FG-5803 


2.73 


Cnkxpromazine 


7.08 


Pipampe- 
rone 


2.32 


Ctothiapine 


6.93 






TraorWaztne 


6.92 






MesorkJazine 


6.88 







incorrectly aassmeo. 



Y scores of the typical and atypical groups as indicated in table 
7. Compounds with scores below 6.48 were considered atypical; 
those with higher scores, typical. The classification was correct 
for 34 of 38 (89.5%) compounds. Two of the 17 (11.8%) atypical 
(zotepine and HP 370) and two of 20 (10%) typical (loxapine 
and amoxapine) APDs were misclassified. Thioridazine and 
mesoridazine were classified as typical drugs, although their log 

Y scores were the lowest of any typical compounds. 

The univariate and multivariate analyses described previ- 
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oualy for the reference compounds were repeated for the entire 
group of 37 compounds using the classification based on the 
preclinical and clinical data. Thioridazine and mesoridazine 
were classified as typical compounds. No significant difference 
in pK { values for D»l binding sites was found for the combined 
group of reference and test drugs (typical = 7.46 ± 0.89, n = 
20; atypical = 7.05 ± 1.20, n 17). The pKj values for the D-2 
binding sites for the typical (8.87 ± 0.67) and atypical drugs 
(7.01 ± 1.03) were still highly significantly different (P = 0.001). 
There again was no difference in 5-HT 2 pK 4 values between the 
typical and atypical APDs (8.37 ± 0.73 vs. 8.36 ± 1.03, respec- 
tively). The correlations between the pKj values for the D-l, 
D-2 and 5-HT 2 binding sites for the larger series of compounds 
are given in table 8. Noteworthy changes from the reference 
APDs include the findings that the correlation between 5*HT 2 
and D-l pK { values for all 37 compounds was nonsignificant 
but the 5-HT 2 -D-2 correlation was now significant. The D-l- 
D-2 pKi value correlation for all compounds and the 5-HT 2 -D- 
1 pKt value correlations for the typicals and atypicals were less 
robust. The stepwise discriminant function entered the D-2 
pKi value first (F = 43.98, P = 0.0001, average squared canon- 
ical correlation = 0.56) and then the 5-HT 2 value (F = 14.81, 
P = 0.0005, average squared canonical correlation = 0.69). 
Unlike the case with the 20 reference APDs, the pK { values for 
the D-l binding site for all 37 compounds could not be entered 
(F = 0.078, P = 0.78). The same four compounds were misclas- 
sified. The classification based on all 37 compounds was the 
same as that based on the 20 reference APDs (data not pre- 
sented). 

Based only on the 5-HT 2 /D-2 ratio, a cluster analysis yielded 
two main clusters. One cluster had 19 of 20 typical compounds 
from tables 1 and 6, plus the atypical compounds HP-370 and 
zotepine. Amoxapine was clustered along with 15 of 17 atypical 
compounds (all except HP-370 and zotepine) from tables 1 and 
6 in the second cluster. Thus, 35 of 38 (91.9%) of the compounds 
were clustered in conformity with the preclinical and clinical 
extrapyramidal or endocrine data simply on the basis of the 
ratio of the pK t values for the 5-HT 2 and D-2 receptor sites. 
The ratio ranged from 0.79 to 1.09 in the cluster with typical 
compounds and from 1.12 to 1.43 in the cluster with mainly 
atypical compounds. The error rates for the clusters based on 
the pKi values for the 5-HT 2 and D-2 receptor binding sites 
separately was 13% compared to a 34% error rate for that based 
on the ratio of the pK 4 values for the D-l and D-2 receptor 
binding sites. The error rate for the clusters based on the pKi 
values for the 5-HT 2 , D-l and D-2 receptor binding sites was 
29%. 

Discussion 

The major findings of this study are that the typical and 
atypical APDs can be distinguished from each other on the 



TABLES 

Correlations between pK, values for D-1, D-2 and 5-HT, receptor 
binding sit— for afl typical and atypical compounds 



Antipsychotics 


a 


Spovnvn Conditions of pKi Ritios 
D-1-W SHTrO-1 5*VO-2 


All compounds 


37 


0.35' 


0.27 


0.37* 


Typical 


20 


0.31 


0.40t 


0.15 


Atypical 


17 


0.32 


0.18 


0.85" 


Statistics) significance is 1 
- .0001; fP- 08. 


vpresaf 


rtod by the to 


lowing symtx 


Us: • P < .05; " P 



basis of lower D-2 and higher 5-HT 3 pKi values of the atypical 
compounds as revealed by multivariate analysis. D-l pK { values 
contributed very slightly to the discrimination between the two 
groups of drugs. We also demonstrated significant univariate 
differences between the two classes of compounds with regard 
to D-2 but not 5-HT 2 values. A difference in D-l pK t values 
between the two types of drugs was found for the 20 reference 
APDs but not the larger group of 37 compounds. A highly 
significant correlation between 5-HT 2 and D-2 pK, values for 
all atypical compounds was noted. Atypical and typical APDs 
form two clusters based on the 5-HT2/D-2 ratio only. 

The basis for choosing the 20 reference APDs was clinical 
evidence that the typical APDs produce EPS, TD or large 
serum PRL increases whereas the atypical APDs produce min- 
imal EPS, no or minimal increases in serum PRL levels in 
humans, or both (Meltzer and Fang, 1976; Langer et aL, 1976; 
Robertson et aL, 1982). The typical APDs also produce potent 
catalepsy in rodents at doses that are not highly sedative, 
whereas the atypicals do not (Burki, 1975; Schmutz and Picard, 
1980; Baldessarini, 1985; Janssen and Van Bever, 1978). There 
is ambiguity about the catalepsy potential of some APDs, 
mainly because of differences in the method of determination 
(Schmutz and Picard, 1980; Sanberg et aL, 1988). There is 
clinical evidence of low EPS for all seven reference atypical 
compounds. Fluperlapine (Woggon et aL, 1984, 1985), RMI 
81582 (Young and Meltzer, 1980), ritanserin (Gelders et aL, 
1986), melperone (Bjerkenstedt et aL, 1978), tiosperone (Bris- 
tol-Myers Investigators Brochure), amperozide (R. Axelsson, 
personal communication 11/4/88) and se tope rone (Ceulemans, 
1985) have all been shown to produce lower EPS and lower 
serum PRL levels in humans than typical neuroleptics. Mel- 
perone, like clozapine, has had extensive, prolonged clinical use 
and has never been shown to produce TD (A. Bjork, personal 
communication, 4/1/89). There is also supportive animal evi- 
dence that RMI 81582, like clozapine, did not cause dyskinesias 
in haloperidol-primed monkeys (Neale et aL, 1983). Tiospirone, 
given p.v., does not produce catalepsy in rats (Bristol-Myers 
Investigator Manual). 

As indicated, assignment of the test compounds to each drug 
class is less certain. Only six: thioridazine, mesoridazine, amox- 
apine, ritanserin, perlapine and zotepine have been tested in 
humans and can be classified on the basis of the clinical criteria 
used for the reference compounds. The classification of thiori- 
dazine is particularly difficult as there is so much controversy 
about this issue. Thioridazine (and its metabolite mesoridazine) 
produce low EPS, probably due to their anticholinergic prop- 
erties and, for that reason, we (Gudelsky and Meltzer, 1989), 
like other investigators (Altar et aL, 1986b, 1988) have previ- 
ously considered both compounds to be atypical. However, 
thioridazine produces large increases in serum PRL levels in 
humans (Sachar et aL, 1975; Meltzer and Fang, 1976) as well 
as TD (Cole and Gardos, 1976) and can cause catalepsy in rats 
(Kreiskott, 1980). Mesoridazine, the major metabolite of thior- 
idazine, also produces large increases in serum PRL levels in 
humans (H. Y. Meltzer, unpublished data). Moreover, the clin- 
ical difference between clozapine and thioridazine is exempli- 
fied by the report that clozapine does not worsen EPS in L- 
dopa-treated Parkinson's patients but thioridazine, even at low 
doses (75 mg/day), like haloperidol, produced severe akinesia 
in these patients (Scholz and Nichgans, 1985). In humans, 
molindone produces the same degree of EPS (Clark et aL, 1970) 
and increases in plasma PRL levels (H. Y. Meltzer, unpublished 
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observations) as do typical neuroleptic drugs. Therefore, we 
classified thioridazine, mesoridazine and molindone as typical 
compounds. Amoxapine also produces typical EPS and PRL 
elevations (Robertson et aL, 1982). Ritanserin (Bersani et aL, 
1986) and perlapine (Stille et aL, 1973) are classified as atypical 
by virtue of their low EPS. Zotepine produces a significantly 
lower incidence of EPS compared to other neuroleptic drugs 
(Yamawaki, 1987). However, its antidopaminergic properties 
in rodents, including the induction of catalepsy, are equivalent 
to chlorpromazine (Yamawaki, 1987). On the basis of the 
human data, we classified it as an atypical compound. 

The following compounds produce no or weak catalepsy or 
slight PRL .stimulation in rodents and were therefore consid- 
ered to be atypical: amperozide (Gustafsson et aL, 1986); pipam- 
perone (Janssen and Van Bever, 1978; Meltzer et aL, 1983), 
ritanserin (Goldstein et aL, 1987; Goldstein and Litwin, 1988), 
perlapine (Burki et aL, 1975; Wilk and Stanley, 1977), SCH 
23390 (Iorio et aL, 1983; Clark and White, 1988; but see Chris- 
tensen et a/., 1984), tenilapine and rilapine (Knoll Preclinical 
Research Summary, Knoll Pharmaceuticals), FG 5803 (Ferro- 
san New Product Manual), HP 370 (Szewczak et aL, 1987) and 
CGS 10746B (Altar et al., 1986a). On the other hand, amoxapine 
(Greenblatt et al., 1978; Jue et aL, 1982), clothiapine (Costall 
et al., 1975) and methiothepin (Metysova, 1968; Protiva, 1977), 
spiperone and benperidol (Janssen and Van Bever, 1978), all 
produce marked catalepsy in rodents and were therefore clas- 
sified as typical APDs. 

The pKi values reported here for D-l, D-2 and 5-HT 2 binding 
sites are in good agreement with those in the literature (e.g., 
Altar et al, 1986b; Andersen et aL, 1986; Peroutka and Snyder, 
1980). All the Hill coefficients were not significantly different 
from unity, indicating that under the conditions of these ex- 
periments, the ligands were binding to single sites. There were 
no significant univariate differences between pKi values for 5- 
HT 2 and D-l binding sites between the entire groups of typical 
and atypical antipsychotic compounds. However, as discussed 
subsequently, the 5-HT 2 affinities do differ once the D-2 affin- 
ities are controlled for by multivariate techniques. The mark- 
edly lower affinity of the atypical APD for D-2 receptor binding 
sites in vitro in both the univariate and multivariate analyses 
in noteworthy. It suggests that D-2 affinity per se may be an 
important factor in determining if an APD will be typical or 
atypical. The D-2 pKj values of 18 of 20 typical drugs was > 
8.1; the only typical drugs with lower pKi values were molindone 
and amoxapine. Some of putative atypical compounds had quite 
low D-2 pKi values, e.g., CGS 10746B (5.2) and tenilapine (5.8), 
whereas those of two other atypical drugs, zotepine (9.0) and 
tiospirone (8.8) were quite high. However, it is noteworthy that 
zotepine was classified as typical by the model proposed here. 
This is because its 5-HT 2 pKi value was only slightly greater 
than its D-2 pH t value, producing a 5-HT2/D-2 ratio of 1.02. 
Despite its low pK« value, CGS 10746B blocked apomorphine- 
induced stereotypy in mice at a dose of 6.6 mg/kg i-P- (Altar et 
al, 1986b). Similarly, tenilapine is more effective than chlor- 
promazine in inhibiting the conditioned avoidance response in 
rats (EDfio: 6.8 mg/kg P-o. vs. 11.6 mg/kg) and was more potent 
than chlorpromazine in blocking the effect of apomorphine on 
turning in rats with unilateral substantia nigra lesions (Pre- 
clinical Research Summary, Knoll Pharmaceuticals). These 
findings suggest functional D-2 receptor blockade may not be 
necessary for some atypical drugs to produce their antipsychotic 
effect or to block some of the effects of DA agonists. Farde et 



aL (1989) have shown that at clinically efficacious doses, clo- 
zapine produces a lower occupancy of striatal D-2 receptors 
than APDs. If these results are confirmed in a larger group of 
subjects, and if it also applies to the mesocorticolimbic D-2 
receptors, it would suggest D-2 receptor blockade cannot ac- 
count for the increased antipsychotic efficacy of clozapine. 

Because there were significant, albeit differing, correlations 
among the pK s values for the three binding sites within the two 
groups of APDs, it is necessary to adjust for these correlations 
by multivariate statistical techniques to assess the independent 
influence of each of the pKi values for determining class mem- 
bership. The stepwise discriminant function indicated that the 
pKi value for the D-2 and 5-HT 2 receptor binding sites contrib- 
ute most to the classification of an antipsychotic compound as 
atypical. The D-l pK t value did not meet the criterion for entry 
(P < .15) into the model. These results provide a possible 
explanation why os-flupentixoi, (+)-butaclamol and methio- 
thepin, which have high affinities for the D-l binding site, but 
whose pKi values for the D-2 and 5-HT 2 binding sites are such 
that the 5-HT 2 /D 2 ratio is not in the range of that of the 
atypical drugs reported in tables 1 and 6, lack atypical proper- 
ties. Drugs such as SCH 23390 which have relatively low D-2 
and 5-HT 2 pK| values but with a 5-HT;i/D 2 ratio in the 1.10 to 
1.27 range may be atypical for that reason and not because of 
their high D-l affinity. The 5-HT 2 antagonist properties of 
SCH 23390 have been pointed out by Bischoff et aL (1988), but 
they suggested that this effect might be minimal at doses which 
achieve D-l receptor blockade. A recent study demonstrated a 
correlation of 0.84 between the K t value for D-l and 5-HT 2 
binding sites for a series of 17 compounds related to SCH 23390 
(McQuade et aL, 1988). These compounds, like SCH 23390, had 
a greater affinity for the D-l than the 5-HT 2 binding site. 
However, in vivo binding studies demonstrated effective block- 
ade at both the D-l and 5-HT 2 receptor sites. 

The discriminant function analysis confirmed the impor- 
tance of the pKi values for the D-2 and 5-HT 2 binding sites for 
classifying the compounds under study as typical or atypical. 
The magnitude of the standardized canonical correlations pro- 
vides an estimate of the independent contribution of the pKi 
value for each binding site to the model. The discriminant 
function correctly identified all but one of the reference com- 
pounds (loxapine) and 14 of 17 test compounds, erring with 
amoxapine, zotepine and HP-370. It should be noted that the 
classification analysis, although based on the linear function 
developed from the reference compounds, need not classify 
these compounds as originally used to develop the function 
and, in fact, identified loxapine as an atypical compound, 
although it was just on the borderline between typical and 
atypical compounds (table 7). 

The mistakes in classification by the discriminant function 
appear to be related to the importance of the 5-HT 2 /D-2 ratio 
for class assignment. Loxapine and amoxapine were classified 
as atypical but all available clinical evidence with these APDs 
indicates they are typical neuroleptics (Tuason et al., 1984; 
Robertson et aL, 1982). The ratios of pK 4 values for 5-HT 2 and 
D-2 binding sites for amoxapine (1.15) and loxapine (1.09) are 
near the lowest value (melperone: 1.13) of the reference atypical 
APDs. Conversely, the 5-HT 2 /D-2 ratio for the other two 
erroneously classified drugs, HP-370 (1.01) and zotepine (1.02), 
are close to that of chlorpromazine, thioridazine and clothia- 
pine, the typical drugs with the highest ratios. Zotepine does 
produce moderate-marked catalepsy in rats (Uchida et aL, 1979; 
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Yamawaki, 1987) and might have been classified as a typical 
APD on the basis of the preclinical data. It clearly has potent 
antiserotonergic properties in vivo (Yamawaki, 1987). Further 
studies are indicated to determine whether the low EPS it 
produces in patients is related to its antiserotonergic effects or 
some other mechanism. 

Thioridazine and mesoridazine were both classified as typical 
APDs. Their 5-HT2/D-2 ratios, 1.02 and 1.01 of these two 
drugs, were well within the group of typical APDs. However, 
their log Y scores were the closest to those of the atypical APDs 
of any of the typical compounds. This suggests a small contri- 
bution of D-l affinities to their overall clinical effects. The 
borderline nature of these APDs may explain why these com- 
pounds behave like atypical APDs in some test conditions 
(Altar et aL, 1986b, 1988; Gudelsky and Meltzer, 1989). Clini- 
cally, they behave like typical APDs with regard to PRL secre- 
tion and TD, but like atypical APDs, with regard to EPS. 

The hypothesis that a critical balance between effects on 
dopaminergic and serotonergic mechanisms is essential for an 
APD to be atypical is supported by the high correlation between 
D-2 and 5-HT 2 affinities for the atypical compounds. It suggests 
that balanced changes in dopaminergic and serotonergic func- 
tion in vivo, based mainly on D-2 and 5-HT 2 receptor antago- 
nism, are necessary if a drug is to be an atypical APD. Absolute 
affinities for D-2 and 5-HT 2 binding sites are apparently not 
of critical importance. The pKi values of the atypical APDs for 
the D-2 receptor, although relatively low compared to those of 
the typical APDs, nevertheless differ by over two orders of 
magnitude within each group (table 1). However, when accom- 
panied by affinities for the 5-HT 2 receptor which lead to ratios 
of pK» values of 5-HT 2 and D-2 binding sites of 1.15 or greater, 
atypical APD properties will result Low D-2 values, if associ- 
ated with high 5-HT2/D2 ratios, are permissible for atypical 
APDs. Both fluperlapine (Woggon et oL, 1984) and amperozide 
(R. Axelsson, personal communication, 11/4/88) are clearly 
antipsychotic despite low affinities for the D-2 receptor (287 
and 495 nM, respectively). Furthermore, the antipsychotic dose 
range of these two drugs (10-20 mg/day for amperozide and 
200-500 mg/day for fluperlapine) are far less than would be 
predicted on the basis of their very weak D-2 potency. Thus, 
the long held belief that there is an extremely close relationship 
between the dose of all APDs which are D-2 antagonists and 
affinity for the [ 3 H]haloperidol (Seeman et aL, 1976) or [ 8 H] 
spiperone binding site (Peroutka and Snyder, 1980) may no 
longer be tenable. 

Absolute potency as a 5-HT 2 antagonist alone also cannot be 
the decisive factor for determining whether an APD has atyp- 
ical properties. The pK 4 value of clozapine for the cortical 5- 
HT 2 binding site is 8.33. Spiperone, clothiapine, chlorproma- 
zine, trifluoperazine and fluphenazine, all of which are typical 
APDS, have higher 5-HT 2 pK* values. Furthermore, at least 
one atypical APD, CGS 10746B, has a very low 5-HT 2 value 
(table 6). Based upon the results reported here, it seems more 
likely that the 5-HT 2 affinity is important for conveying atyp- 
ical properties mainly in relation to the D-2 affinity. 

The importance of the S-HT^-2 ratio is confirmed by the 
results of the cluster analysis. The optimal number of clusters 
formed was two and these were virtually identical with the 
groups formed on the basis of the ability to produce EPS or 
PRL stimulation in humans or catalepsy in rodents. There was 
no overlap in 5-HTa/D-2 ratios between the two clusters. In 
the future, it will be of interest to determine if other compounds 



which fall within these clusters have comparable typical and 
atypical properties. 

It is possible that the relationship between in vitro affinity 
for 5-HT 2 and D-2 receptor binding sites and atypical APD 
status reported here is unrelated to important physiological 
effects on D-2 and 5-HT 2 receptors in vivo, Le., that these 
characteristics are predictive of some other biological feature(s) 
that are the critical elements in conveying atypical properties 
on these APDs. However, there is considerable evidence of 
modulatory effects of the serotonergic system of dopaminergic 
mechanisms, and vice-versa, which make it possible to consider 
that there are important physiological consequences of the 
correlated D-2 and 5-HT 2 antagonist properties of the atypical 
drugs. The functional importance of D-2 receptor blockade for 
the antipsychotic, EPS, and PRL-elevating effects of neurolep- 
tic drugs is undisputed (Meltzer and Stahl, 1976). The func- 
tional importance of an action of neuroleptic drugs on the 
serotonergic system is less clear but there is evidence of its 
relevance, at least in regard to motor aspects of striatal and 
limbic function (Kostowski et aL, 1972; Costall et aL, 1975; 
Carter and Pycock, 1978). Serotonin receptor antagonists di- 
minish, whereas 5-HT agonists or uptake inhibitors enhance, 
neuroleptic-induced catalepsy (Waldmeier and Delini-Stula, 
1979; Balsara et aL, 1979). These results suggest that at a 
functional level at least, diminishing serotonergic activity can 
decrease the inhibitory effects of neuroleptics on dopaminergic 
output. This includes the nucleus accumbens, a component of 
the limbic system generally thought to play a key role in the 
antipsychotic effects of neuroleptic drugs (Crow et aL, 1977). It 
is unclear whether supplemental addition of a 5-HT 2 antagonist 
to treatment with a D-2 antagonist such as haloperidol which 
has weak 5-HT 2 antagonist properties would lead to increased 
efficacy and fewer EPS. It has been reported recently that the 
addition of cyproheptadine, a nonspecific 5-HT antagonist, to 
haloperidol-treated schizophrenic patients, led to improvement 
in both positive and negative symptoms (Silver et aL, 1989). 

It is beyond the scope of this paper to discuss the numerous 
possible ways in which DA and 5-HT might interact to produce 
normal output of the mesolimbic and mesocortical DA systems. 
However, one particularly interesting possibility that could 
explain the importance of a correlated antagonism of D-2 and 
5-HT 2 receptors is worth noting here. It is possible that the 
antiserotonergic properties of atypical APDs might increase 
dopaminergic activity in the striatum as well as in the frontal 
cortex. Herve et aL (1981) demonstrated that lesions of the 
median raphe increased DA turnover in the frontal cortex. The 
5-HT 2 antagonist properties of clozapine might produce an 
effect of the same type. Clozapine administration has been 
shown to increase DA release in the frontal cortex (Imperato 
and Angelucci, 1988). The D-2 antagonist properties of cloza- 
pine might prevent any psychotomimetic effects of increased 
dopaminergic activity in the mesolimbic and mesocortical DA 
systems. Increasing DA activity in the frontal cortex may 
contribute to improvement in negative symptoms in schizo- 
phrenia (Meltzer, 1985). Increasing dopaminergic activity in 
the frontal cortex might actually lead to decreased dopami- 
nergic activity in the striatum and mesolimbic system (Pycock 
et aL, 1980; Scatton et aL, 1982). 

It would seem unlikely that so simplistic a concept as the 
ratio of the affinities for 5-HT 2 and. D-2 receptors is the entire 
explanation of all the unique features of the atypical APD. 
Effects on 5-HT release (Maidment and Marsden, 1987; 



7989 



Classification of APD 245 



Drescher and Hetey, 1988), ability to enhance DA release 
(Gudelsky et aL, 1987; Imperato and Angelucci, 1988), anticho- 
linergic (Miller and Hiley, 1974), anti-alpha adrenergic (Burki 
et aL, 1975; Cohen and Lipinski, 1986) and beta adrenergic 
blockade (Gross and Schumann, 1982), ability to increase y- 
aminobutyric acid turnover in the striatum and decrease it in 
the substantia nigra (Maggi et aL, 1977) ability to enhance 
glutamatergic transmission (Schmidt, 1986) and stimulation of 
neurotensin release (Kilts et aL, 1988; Gudelsky et al 9 1989) 
may also contribute, along with yet other effects, to the spec- 
trum of action of clozapine and perhaps other atypical APDs. 
It may also be the 5-HTa/D-2 ratios is relevant only to EPS 
and TD liability and not to increased antipsychotic efficacy. 

In summary, the pK t values of 38 typical and atypical APD 
for 5-HT 2 , D-l and D-2 binding sites in rat brain have been 
determined. Multivariate analytic techniques demonstrate the 
importance of the D-2 and 5-HT 2 affinities for determining 
whether a drug which can block the conditioned avoidance 
response will have atypical properties as an antipsychotic. A 5- 
HT2/P-2 ratio 2: 1.12 is characteristic of the atypical APD. 
These results may be useful in drug screening programs. 
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Note Added in Proof 

There is some evidence that zotepine may, in fact, produce 
significant EPS in man (F. Holsboer, personal communication, 
Aug. 29, 1989). 
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ELSEVIER 



The Role of Serotonin in Antipsychotic 
Drug Action 

Herbert Y. Meltzer, M.D. 



Recent interest in the role of serotonin (5-HT) in 
antipsychotic drug action is based mainly upon the fact that 
antipsychotic drugs such as clozapine, olanzapine, 
quetiapine, risperidone, sertindole, and ziprasidone are 
potent receptor antagonists and relatively weaker 

dopamine D 2 antagonists. These agents share in common 
low extrapyramidal side effects at clinically effective doses 
and possibly greater efficacy to reduce negative symptoms. 
As a group, they also have a superior effect on cognitive 
function and greater ability to treat mood symptoms in both 
patients with schizophrenia or affective disorders than 
typical antipsychotic drugs. The atypical antipsychotic 
agents vary in their affinities for other types of 5-HT as well 
as dopamine, muscarinic, adrenergic, and histaminic 
receptors, some, or all of which, may contribute to their 



differences in efficacy and side effect profile. Of the other 
5-HT receptors which these drugs directly, the 5-HT la and 
5-HT 2c receptors are the strongest candidates for 
contributing to their antipsychotic action and low EPS 
profile. The 5-HT 6 and 5-HT 7 receptors may also be of some 
importance. Stimulation of the 5-HT la receptor appears to 
produce many of the same effects as antagonism of the 
5-HT2a receptor while antagonism of the 5-HT 2c receptor 
appears to diminish some of the actions of 5-HT 2a receptor 
antagonism. Future antipsychotic drug development can 
include targeting multiple serotonin receptor subtypes. 
[Neuropsychopharmacology 21:106S-115S, 1999] 
© 1999 American College of Neuropsychopharmacology. 
Published by Elsevier Science Inc. 



Recent interest in the role of serotonin (5-HT) in the 
mechanism of action of antipsychotic drugs is in large 
part the result of the discovery of the efficacy of cloza- 
pine in treating the delusions, hallucinations, and disor- 
ganization of schizophrenic patients who failed to re- 
spond to classical neuroleptic drugs (Kane et al. 1988; 
Meltzer 1992). It has also been demonstrated that cloza- 
pine can improve the negative symptoms of schizo- 
phrenia, i.e., affective flattening, anergia, anhedonia, 
and avolition (Meltzer et al. 1996). Clozapine was, ear- 
lier, shown to cause fewer extrapyramidal side effects 
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(EPS) than typical antipsychotic drugs; there have been 
no reported cases of tardive dyskinesia with clozapine, 
and it is tolerable to patients with Parkinson's disease 
and even able to improve some types of motor dysfunc- 
tion in patients who develop dopamine (DA) agonist- 
induced psychosis (see Meltzer and Nash 1991; Meltzer 
et al. 1995 for refs). Clozapine has also been found not 
to cause elevations of serum prolactin levels (Meltzer 
1979). Recently, clozapine has been shown to have other 
clinical advantages over typical neuroleptic drugs, most 
notably the ability to improve some aspects of the cog- 
nitive dysfunction of schizophrenia, such as attention, 
verbal fluency (semantic memory), recall memory, and 
some measures of executive function, e.g., maze and 
performance, thought it does not improve working 
memory (Meltzer and McGurk in press). There is exten- 
sive evidence that clozapine is able to decrease the risk 
of suicide in schizophrenia (Meltzer and Okayli 1995). It 
has also been found effective as an antimanic agent and - 
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a mood stabilizer in treatment-resistant mood disorders 
(Calabrese et al. 1996). Suicide, mania, depression, and 
mood stabilization have been related to abnormalities 
in serotonergic availability and receptor responsivity 
(Maes and Meltzer 1995). Deternuning the biological 
basis for these advantages of clozapine, many of which 
may involve effects on 5-HT, is of great theoretical and 
clinical importance. 

Because clozapine produces agranulocytosis, devel- 
oping other antipsychotic drugs with similar benefits 
but without this side effect has been a major research 
goal since 1988. This effort has produced risperidone, 
olanzapine, quetiapine, ziprasidone, and sertindole 
which have been approved for use in the treatment of 
schizophrenia in various countries as well as other pu- 
tative antipsychotic agents in development, e.g., M100907. 
However, there appear to be differences between these 
agents in efficacy and in at least some side effects. This 
review considers what is known about the role of 5-HT 
in the efficacy for positive and negative symptoms, neu- 
roleptic refractory positive symptoms, and extrapyra- 
midal side effects of the novel antipsychotic agents, and 
looks at possible strategies for developing other anti- 
psychotic agents which depend upon serotonergic func- 
tion in ways that differ from clozapine. Because of 
space limitation, this review cannot cover all of the top- 
ics in depth; therefore, other reviews of these topics also 
should be consulted (Meltzer and Nash 1991; Schmidt 
et al. 1995; Kapur and Remington 1996; Meltzer and 
Fatemi 1996; Abi-Dargham et al. 1997; Kinon and Lie- 
berman 1996; Arndt and Skarsfeldt 1998). 



SEROTONIN RECEPTORS INVOLVED IN 
ANTIPSYCHOTIC DRUG ACTION 

The major 5-HT receptors that are implicated in the ac- 
tion of clozapine and other recently introduced antipsy- 
chotic agents, or are of potential value for developing 
more effective or better tolerated antipsychotic agents 
include the following: 5-HT la/ S-HT^, S-HT^, 5-HTs, 
5-HTe, and 5-HT 7 receptors (Meltzer and Nash 1991). 
These are also of potential value for developing more 
effective or better tolerated antipsychotic agents. It has 
been hypothesized that a relatively high 5-HT^ recep- 
tor affinity compared to the D 2 receptor is the basis for 
the difference between 'atypical' and 'typical' antipsy- 
chotic agents (with atypical antipsychotic defined as an 
agent causing low EPS at doses with demonstrated or 
putative antipsychotic activity). This hypothesis con- 
tributed to the development of the newer antipsychotic 
agents listed above, all of which are consistent with the 
hypothesis of high affinity for S-HT^ and low affinity 
for D 2 receptors (Schotte et al. 1996). While some of the 
atypical antipsychotic drugs also have affinities for 



5-HT2C 5-HT6, or 5-HT 7 receptors that are in the same 
range as 5-HT^ receptors, this is not a common charac- 
teristic of these agents and, thus, it is not likely that an 
affinity for 5-HTfc, 5-HT^ or 5-HT 7 receptors are pri- 
mary factors contributing to the low EPS profile of this 
class of agents (Roth et al. 1994; Meltzer and Fatemi 
1996; Schotte et al. 1996). However, this does not rule 
out the possibility that the low EPS effects of specific 
drugs or other actions, depend in part on their affinity 
for one or more of these 5-HT receptors, including the 
5-HTfc and 5-HT 7 receptors (Meltzer et al. 1996). 5-HT la 
receptor agonism has been suggested to contribute to an 
atypical antipsychotic drug profile (Protais et al. 1994). 
Furthermore, there is extensive evidence of interactions 
among 5-HT^, S-HT^, and 5-HT la receptors (Kapur and 
Remington 1996; Meltzer et al. 1996b). Because of space 
limitations, this article will focus on these three 5-HT re- 
ceptors and only briefly consider the others. 



NOVEL ANTIPSYCHOTICS AND THE 5-HT^ 
RECEPTOR ANTIPSYCHOTIC ACTION 

5-HT2a receptors have been implicated in the genesis of, 
as well as the treatment of, psychosis, negative symp- 
toms, mood disturbance, and EPS. The hallucinogenic 
effect of indole hallucinogens has been related to stimu- 
lation of 5-HT^ rather than S-HT^ receptors (Fiorella et 
al. 1995). Numerous studies have demonstrated de- 
creased densities of 5-HT2a receptors in various cortical 
regions of patients with schizophrenia. This does not 
appear to be secondary to antipsychotic drug-induced 
down regulation of the density of these receptors (Melt- 
zer et al. 1996b). The antipsychotic effect of clozapine is 
attributed, in part, to its ability to block excessive 
5-HTja receptor stimulation (Meltzer et al. 1989). This 
conclusion is supported by the high occupancy of 5-HT^ 
receptors produced by clozapine at clinically effective 
doses and its low occupancy of D 2 receptors (in the 30- 
50% range as measured with the [ 3 H]raclopride signifi- 
cantly below the 80 to 100% occupancy produced by 
typical neuroleptic drugs) (Kapur and Remington 1996). 
The occupancy of S-HT^ and D 2 receptors has also been 
studied with other novel antipsychotic drugs, such as 
risperidone, olanzapine, sertindole, and quetiapine 
with results similar to those of clozapine; all are more 
potent 5-HT2a and D 2 antagonists at appropriate doses, 
but produce higher D 2 occupancy than clozapine. Some 
of these (e.g., risperidone) agents, produce high D 2 oc- 
cupancy at high doses (Kapur and Remington 1996). 
Pilowsky et al. (1997a) have observed high occupancy 
of extrastriatal D2 receptors in clozapine treated pa- 
tients with schizophrenia in a SPECT study. These find- 
ings, if verified, could indicate that the low estimates of 
D 2 receptor occupancy in the basal ganglia by some 
atypical antipsychotic drugs in some studies are mis- 
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leading with regard to the importance of dopamine re- 
ceptor blockade for their antipsychotic, and perhaps 
other actions, e.g., cognition and negative symptoms. 

To test the contribution of 5-HT2a receptor antago- 
nism to antipsychotic drug action, clinical trials of ri- 
tanserin, a potent S-HT^ and 5-HT^ antagonist, have 
been conducted. Although the data suggest little or no 
beneficial effect (see Martin et al. 1997 for refs), this may 
be due to two factors: a) 5-HT^ receptor antagonism op- 
poses the beneficial effects of 5-HT2a receptor blockade 
(see below); and b) too high a dose of neuroleptic (Melt- 
zer and Fatemi 1996). The bell-shaped dose response 
curve of risperidone, with higher doses being less effec- 
tive than lower doses (Marder and Meibach 1994), sug- 
gests that excessive D 2 receptor antagonism may reduce 
the beneficial effects of S-HT^ receptor blockade (Melt- 
zer and Fatemi 1996). However, other explanations of 
this finding are also possible. Trials with fixed, low 
doses of neuroleptic and specific potent S-HT^ antago- 
nists are needed. Amperozide is a relatively selective 
5-HT2a antagonist which was shown in several studies 
to have antipsychotic efficacy but again no definite con- 
clusion as to efficacy is possible (Meltzer and Nash 
1991). The highly selective antagonist, M100907, 

formerly MDL 100907, has been found in a controlled 
study to have some efficacy for treating positive and 
negative symptoms in hospitalized schizophrenic pa- 
tients (Shipley 1998). 

Large scale studies are currently underway to more 
definitively test its efficacy. I hypothesize that this com- 
pound will be effective in some patients with schizo- 
phrenia, but that there will be a need for low doses of 
D 2 receptor antagonists in patients who may have rela- 
tively excessive dopaminergic activity. This may be 
those patients with acute, florid psychoses. Other 
5-HT2a selective agents such as SR 46349B (Rinaldi-Car- 
mona et al. 1992) are currently being tested. It should 
soon be apparent whether 5-HT^ receptor blockade 
alone can achieve a sustained antipsychotic action. The 
potent D 4 /5-HT 2a receptor antagonist fananserin has 
been found ineffective in acutely psychotic patients 
with schizophrenia (Truffinet et al. in press), perhaps 
because D 4 receptor antagonism has a propsychotic ef- 
fect, not the reverse. Additional evidence supporting 
the role of S-HT^ receptor blockade in the action of 
clozapine and possibly other drugs with potent 5-HT2a 
affinities is available from the several reports that the 
His452Tyr allele of the 5-HT^ receptor, which is present 
in 10-12% of the population, is associated with a higher 
frequency of poor response to clozapine (Masellis et al. 
1998). Thus, taken together, the evidence from clinical 
trial data suggests that 5-HT2a receptor blockade may 
contribute to antipsychotic drug action. 

Basic research is also supportive of the relevance of 
5-HT2a receptor blockade to antipsychotic drug action. 
M100907 or other selective 5-HT^ receptor antagonists, 



either alone or in combination with selective antago- 
nists of other receptors, have been found to be effective 
in various animal models of psychosis. These include: 
1) blockade of amphetamine-induced locomotor activ- 
ity and the slowing of ventral tegmental area (A10) 
dopaminergic neurons (Schmidt et ah 1995); 2) blockade 
of phencyclidine (FCP)- and dizocilpin (MK-801)-in- 
duced locomotor activity (Gleason and Shannon 1997; 
Martin et al. 1997); 3) blockade of MK-801 -induced 
prepulse inhibition (Varty and Higgins 1995); and 4) an- 
tipsychotic- like activity in the paw test. 

Increased dopaminergic activity in the nucleus ac- 
cumbens, other mesolimbic and possibly cortical re- 
gions may contribute to positive symptoms, including 
formal thought disorder. We have previously reported 
that the S-HT^/^ agonist DOI (l-(2,5-dimethoxy-4- 
iodophenyl)-2-aminopropane) which itself had no effect 
on basal DA release, potentiated amphetamine-induced 
DA release and attenuated the ability of apomorphine, 
a direct acting D 1/2 / 3 agonist, to decrease DA release in 
the striatum (Ichikawa and Meltzer 1995). We have pro- 
posed that short-lasting desensitization of D 2 autore- 
ceptors can develop following stimulation of 5-HT^ re- 
ceptors. This desensitization may increase DA synthesis 
via disinhibition of tyrosine hydroxylase, leading to an 
additional increase in the size of the DA pool at which 
amphetamine may act. We have found a similar effect 
in the nucleus accumbens and prefrontal cortex (Ichi- 
kawa and Meltzer 1995). This effect was completely re- 
versed by Ml 00907, which alone had no effect on basal 
and amphetamine-induced DA release in the nucleus 
accumbens and medial prefrontal cortex. These results 
suggest that stimulated DA release, e.g., with stress, 
may be increased in the forebrain terminal regions sec- 
ondary to enhanced stimulation of 5-HT^ receptors. 
Agents that block the effect of excessive, but not basal 
S-HT^ receptor stimulation may be most useful clinically. 
Schmidt et al. (1995) reported that M100907 increased 
DA release in the prefrontal cortex and attenuate the 
amphetamine analog MDMA - induced increase in stri- 
atal DA release. Taken together, these data suggest that 
antagonism by itself may have antipsychotic ac- 
tion when dopaminergic activity is slightly to moder- 
ately increased, but as mentioned above some D 2 recep- 
tor blockade may also be needed when DA efflux is 
very high. More studies are needed to define the ability 
of 5-HT^ receptor antagonists to potentiate the action 
of low doses of D 2 receptor blockers in animal models 
as well as in humans. 

Recently, Jakab and Goldman-Rakic (1998) have pro- 
posed that the 5-HT^ receptors on cortical pyramidal 
neurons may play a crucial role in psychosis by virtue 
of their ability to modulate intracortical and corneal- 
subcortical glutamatergic neurotransmission. This could 
contribute to the ability of S-HT^ antagonists to attenu- 
ate some of the behavioral effects of PCP and ketamine. 
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On the other hand, activation of early intermediate 
genes such as c-/os in the frontal cortex by clozapine 
and other novel antipsychotic agents (Robertson et al. 
1994), does not appear to be related to blockade of 
S-HT^ receptors since ritanserin alone, or the combina- 
tion of ritanserin and sulpiride, a D 2 /D 3 antagonist, did 
not mimic the effects of clozapine to activate Fos ex- 
pression in the prefrontal cortex (Deutch and Duman 
1996). As in many studies which employ this combina- 
tion strategy, the dose of the D 2 /D 3 antagonist may 
have been excessive. It would be of considerable inter- 
est to study the effect of a series of doses of Ml 00907, a 
selective 5-HT2a receptor antagonist, and relatively low 
doses of a selective D 2 /D 3 antagonist, on rat brain c-fos 
expression. On the other hand, lesioning the serotoner- 
gic afferents to the medial prefrontal cortex also did not 
affect the ability of clozapine to activate Fos protein in 
the frontal cortex (Guo et al. 1995). It is important to 
note that the S-HT^/^ agonist (DOI), increased the ex- 
pression of fos protein in frontal and other cortical and 
limbic areas (Leslie et al. 1993), most likely through a 
5-HT2a mechanism. Thus, it seems unlikely that 
receptor antagonism is involved in the ability of the 
atypical antipsychotic drugs to stimulate fos expression 
in the prefrontal cortex. Recent studies have suggested 
that D 3 receptor stimulation may account for this effect 
(Guo et al. 1995). While the activation of c-/os in the 
frontal cortex seems not to be related to S-HT^ receptor 
antagonism, it nevertheless seems likely that the latter 
contributes to the antipsychotic action of the atypical 
antipsychotic drugs when associated with low D 2 re- 
ceptor occupancy, and not accompanied by effects such 
as 5-HT2c or possibly D 4 receptor antagonism which 
may negate some of the beneficial effects of B-HT^ re- 
ceptor antagonism. It should be kept in mind that the 
clinical significance of activation of c-fos expression in 
the frontal cortex is still quite speculative. 



TREATMENT RESISTANT SCHIZOPHRENIA 
AND S-HTja RECEPTOR BLOCKADE 

Clinical studies have suggested that clozapine is much 
more effective than the other novel antipsychotic drugs 
in treatment resistant schizophrenia (Meltzer 1997). 
One recent study found no effect of high doses of olan- 
zapine in treatment resistant schizophrenia (Conley et 
al. 1998a), though there is limited published evidence 
that risperidone is effective in this patient group (Bon- 
dolfi et al. 1998). However, there is extensive clinical ex- 
perience that some patients who are refractory to typi- 
cal neuroleptic drugs, and even clozapine, may respond 
to olanzapine or risperidone (Conley et al. 1998b; Gan- 
guli and Brar 1998; Mounrjoy et al. 1998). Head to head 
comparisons with clozapine and cross over studies are 
needed to determine the relative efficacy of the atypical 
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agents in this regard. It should be noted that there are 
varying degrees of neuroleptic resistance and that stud- 
ies which are designed to determine whether other an- 
tipsychotic drugs are as effective as clozapine for treat- 
ment resistant schizophrenia should use rigorous 
criteria for neuroleptic resistance. The relatively modest 
effects of drugs such as olanzapine, quetiapine and ris- 
peridone in treatment resistant schizophrenia suggests 
that 5-HT2a receptor blockade, even when accompanied 
by D 2 receptor blockade, is only one facet of the expla- 
nation of the efficacy of clozapine in neuroleptic-resis- 
tant schizophrenic patients. Effects on other 5-HT recep- 
tors as well as cholinergic, adrenergic, and dopaminergic 
mechanisms may be responsible for the greater efficacy 
of clozapine in this group of patients. Heterogeneity in 
the basis for neuroleptic resistance is suggested by the 
variability in response to the atypical antipsychotic 
drugs. We reported preliminary data that the addition 
of cyproheptadine, an antagonist of multiple serotonin 
receptors, to typical neuroleptic drugs appeared to be 
effective in augmenting the response to the latter in an 
open study of patients who had become refractory to 
typical neuroleptic drugs during the course of treat- 
ment with clozapine (Meltzer et al. 1996a). 

NEGATIVE SYMPTOMS AND 5-HT^ 
RECEPTOR BLOCKADE 

In contrast to the possibly unique effectiveness of cloza- 
pine in diminishing positive symptoms in treatment re- 
sistant schizophrenic patients, the atypical antipsy- 
chotic drugs (with the possible exception of quetiapine) 
and some S-HT^ or S-HT^/fc antagonists, appear to be 
more effective in decreasing negative symptoms than 
haloperidol, (Kane et al. 1988; Meltzer 1992, 1997; Mol- 
ler et al. 1995; Tollefson and Sanger 1996). Sertindole, 
risperidone, ziprasidone, M100907, and ritanserin have 
all been found effective in treating negative symptoms 
(Arvanitis and Miller 1997; Arato et al. submitted). Var- 
ious types of analyses to partial out the effect on nega- 
tive symptoms from the effect on positive and depres- 
sive symptoms and EPS suggest that the effect on 
negative symptoms is direct (Moller et al. 1995; Tollef- 
son and Sanger 1996). These diverse compounds share 
relatively high 5-HT^ receptor blockade without D 2 an- 
tagonism, whereas chlorpromazine and high dose lox- 
apine, which produce high levels of D 2 and. S-HT^ re- 
ceptor blockade in vivo, do not improve negative 
symptoms. This suggests that S-HT^ receptor blockade 
may play a key role in the treatment of negative symp- 
toms only when D 2 receptor blockade is absent or mod- 
erate. Efficacy to treat negative symptoms may be re- 
lated to the ability of these agents to selectively increase 
dopaminergic activity in the prefrontal cortex since all 
these agents have been found to produce greater in- 
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creases in DA release in the prefrontal cortex than the 
nucleus accumbens (Kuroki et al. 1999). 



5-HTza RECEPTOR BLOCKADE AND 
COGNITIVE FUNCTION 

Clozapine, risperidone, and olanzapine have all been 
shown to improve selected areas of cognitive function 
in patients with schizophrenia, however, the available 
data suggests differential effects on specific functions. 
Most notably, clozapine appears to improve semantic 
memory, verbal learning and memory, and attention 
most reliably and robustly, whereas risperidone ap- 
pears to improve working memory to the greatest ex- 
tent (see Meltzer and McGurk in press for review). 
Olanzapine resembles clozapine more closely than ris- 
peridone (Purdon et al. 1998; Meltzer and McGurk in 
press). For example, in a study of 21 olanzapine treated 
patients, Purdon et al. (1998) reported improvement in 
some tests of attention, motor function, executive func- 
tion and verbal memory at six weeks. Similar results 
were obtained by Meltzer and McGurk (in press) in a 
study of 29 patients treated with olanzapine for six 
weeks. Whether these effects are persistent and inde- 
pendent of improvement in psychopathology or lesser 
side effects is not yet known. There are, as yet, no data 
on the other drugs of this type. Whether 5-HTja receptor 
antagonism has any role in the cognitive effects of these 
agents is not known. It may be that the effects of these 
agents on cognition depend mainly on their ability to 
increase the release of DA and acetylcholine in prefron- 
tal cortex, which may depend, in part, on their seroton- 
ergic actions. Because cognitive enhancement is critical 
for functional improvement in schizophrenia, establish- 
ing the mechanism for this effect is of the greatest im- 
portance. The evidence concerning 5-HT receptors and 
cognition has recently been reviewed by Buhot (1997) 
and by Meneses and Hong (1997). The sparse literature 
on this topic mainly involves lower animals; the data 
suggest that S-HT^/^ antagonists have little adverse ef- 
fects and no apparent beneficial effects on learning and 
memory (Ruotsalainen et al. 1997). 

Recent studies suggest that the novel antipsychotic 
drugs may enhance cholinergic function in the prefron- 
tal cortex (Parada et al. 1997), and this may mediate 
their ability to improve cognition. Interactions between 
the 5-HT and cholinergic systems have been previously 
reported (Altman et al. 1987). Also, impairment of 
working memory in man following administration of 
the 5-HT la agonist, flesinoxan, has been reported (Her- 
remans et al. 1995). 

It has recently been demonstrated that stimulation of 
5-HT2a receptors by DOI increases the expression of 
brain-derived neurotrophic factor (BDNF), which regu- 
lates the survival, differentiation, synaptic strength, and 



neuronal morphology in the cerebral cortex and hip- 
pocampus, in frontal and other cortical areas while de- 
creasing its expression in the dentate gyrus granule cell 
layer (Vaidya et al. 1997). This effect was blocked by 
M100907 which did not by itself have any effect in these 
regions. Stress had the same effect as DOI in increasing 
hippocampal BDNF levels. This was blocked by pre- 
treatment with ketanserin, a S-HY^ antagonist. These 
data suggest that the atypical antipsychotic drugs, via 
their S-HT^ antagonism, might prevent the deleterious 
effects of stress on hippocampal cognitive measures. In- 
creased corticosteroids may be neurotoxic (Sapolsky 
1994). We have previously shown that clozapine de- 
creases elevated plasma Cortisol levels in schizophrenic 
patients, returning them to normal levels (Meltzer et al. 
1989). This may be related to the ability of clozapine to 
improve cognitive function as well. 

S-HTza RECEPTOR BLOCKADE AND 
EXTRAPYRAMIDAL FUNCTION 

Several lines of evidence suggest that potent S-HT^ re- 
ceptor blockade is related to the low EPS profile of cloza- 
pine but that 5-HT2a receptor blockade by itself cannot 
explain the low EPS liability of these agents. Altar et al. 
(1986) and Rasmussen and Aghajanian (1988) sug- 
gested that weak D 2 and potent S-HT^ receptor block- 
ade was the basis for the ability of clozapine to cause 
low extrapyramidal side effects. However, other expla- 
nations for the low EPS of clozapine have been of- 
fered — namely its anticholinergic properties, lack of 
ability to increase acetylcholine in the striatum, D l and 
D 4 receptor blockade, and its effects as an (^-adrenocep- 
tor antagonist (Meltzer and Fatemi 1996; Parada et al. 
1997; Kalkman et al. 1998). 

In order to test the role of S-HT^ receptor blockade, 
Meltzer et al. (1989) studied a group of compounds 
which had antipsychotic activity in man or in animal 
models and which produced less EPS in man or weak 
catalepsy in animals. Among the drugs studied was 
melperone, a butyrophenone long used in Europe and 
Scandinavia as an antipsychotic and reported to pro- 
duce low EPS (Meltzer et al. 1994). This drug has re- 
cently been found to be tolerable to patients with Par- 
kinson's Disease (Barbato et al. 1996), even more so 
than risperidone andolanzapine. The drugs reportedly 
shared weak D 2 and potent S-HT^ receptor affinities, 
whereas D! receptor affinities did not contribute to their 
effect. Subsequently, numerous compounds of diverse 
chemical structure which share this pharmacologic pro- 
file have been deliberately synthesized and tested for 
antipsychotic action and EPS potential. They include 
risperidone, olanzapine, sertindole, quetiapine, ziprasi- 
done, and olanzapine. In development are iloperidone, 
M100907, and SR43649B; the latter is virtually devoid of 
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any D 2 affinity, and highly selective for the S-HT^ re- 
ceptors. All of these compounds produce fewer EPS 
than haloperidol at comparable doses, but there are dif- 
ferences between them. The dose response curve, to- 
gether with PET studies of DA receptor occupancy 
strongly suggest that keeping S-HT^ receptor high rela- 
tive to D 2 receptor occupancy is necessary to avoid EPS 
with these compounds. There are preclinical data to 
support this. Ishikane et al. (1997) reported that M 
100907 is able to block haloperidol-induced catalepsy 
only at low doses of haloperidol. Similarly, Spampinato 
et al. (1998) reported that specific S-HT^ and 5-HT 2c an- 
tagonists were able to modulate the ability of haloperi- 
dol 0.01 mg/kg, but not 1.0 mg/kg to increase striatal 
DA release in freely moving rats. It should be noted that 
Pilowsky et al. (1997b) found high D 2 receptor occu- 
pancy in the basal ganglia in sertindole-treated patients, 
despite low EPS. This would indicate that some feature 
of the drugs, perhaps high S-HT^ receptor occupancy, 
but conceivably other aspects of its pharmacology as 
well, might contribute to the low EPS and overcome the 
effects of a high degree of D 2 receptor blockade. It 
should be noted that the relative affinities for 5-HT^ 
and D 2 receptors does not appear to be relevant to the 
ability of antipsychotics to induce dystonias in Cebus 
monkeys (Casey 1993). However, the relevance of these 
data to human EPS may be limited. For example, as 
noted above, melperone is well tolerated in patients 
with Parkinson's disease and L-DOPA psychosis who 
are exquisitely sensitive to drugs which cause EPS 
(Meltzer et al. 1989) but it produces dystonia in mon- 
keys (Casey 1991). 



THE ROLE OF THE 5-HT 2C RECEPTOR IN 
ANTIPSYCHOTIC DRUG ACTION: 
5-HT2A AND 5-HT 2C INTERACTIONS 

No significant differences have been reported between 
novel antipsychotic drugs and typical neuroleptics with 
regard to the affinity for 5-HT 2c receptor or the difference 
between S-HT^ and D 2 affinities (Roth et al. 1992, 1994; 
Schotte et al. 1996). Of the approved novel antipsychotic 
drugs, some have equivalent affinities for the 5-HT^ and 
5-HT^ receptors (clozapine, olanzapine, sertindole), 
while others are more selective for the 5-HT^ receptor 
(risperidone, quetiapine, ziprasidone). This difference 
roughly corresponds to the potential to produce weight 
gain in that clozapine and olanzapine cause the greatest 
weight gain, and risperidone and ziprasidone the least. 
There is little available data for sertindole and quetia- 
* pine but they appear to be intermediate. 

There is no apparent relationship between 5-HT^ af- 
finity and 5-HT^ affinity with regard to EPS, since que- 
tiapine and ziprasidone are comparable to olanzapine 
and sertindole in this regard. Similarly, there is no ap- 



parent relationship to efficacy in treatment-resistant 
schizophrenia. There could be a relationship to cogni- 
tive function since olanzapine and clozapine are similar 
to each other and differ from risperidone, but further 
studies are needed to determine the cognitive effects of 
all these agents before firm conclusions can be drawn 
(Meltzer and McGurk in press). 5-HT 2c receptor stimu- 
lation by the selective S-HT^ agonist Ro 60-0175 has 
been reported to markedly suppress dialysate levels of 
dDAn and noradrenaline in the frontal cortex of awake 
freely moving rats whereas the selective 5-HT^ antago- 
nist, SB-242084, had the opposite effect (Millan et al. 
1998). Thus, the 5-HT^ antagonist effects of some of the 
atypical antipsychotic drugs may contribute to their 
ability to increase dopaminergic activity in the prefron- 
tal cortex. 

An interesting aspect of the 5-HT^ receptor with re- 
gard to antipsychotic action is that 5-HT 2c antagonism 
may be functionally opposed to 5-HT^ antagonism. 
Meltzer et al. (1996) reported that atypical antipsychotic 
drugs were more likely to be weak 5-HT^ and potent 
5-HT^ antagonists than to typical neuroleptic drugs. 
Neurochemical (Spampinato et al. 1997, 1998) and be- 
havioral (Martin et al. 1997) data have now been re- 
ported supporting the notion of a functional antago- 
nism of these two receptors which may coexist on the 
same neurons. Thus, Martin et al. (1997) found that ri- 
tanserin, a mixed S-HT^/^ antagonist, blocked the abil- 
ity of M100907 to antagonize the effect of MK-801 in in- 
creasing locomotor activity in mice. 



THE ROLE OF THE 5-HT 1A RECEPTOR IN 
ANTIPSYCHOTIC DRUG ACTION: 5-HT^ AND 
5-HT^ INTERACTIONS 

Although there is limited clinical data to support the 
role of the 5-HT la receptor in the action of antipsychotic 
drugs, there is increasing amounts of preclinical evi- 
dence that it is of considerable importance. The 5-HT la 
receptor is located pre- and postsynaptically. The pre- 
synaptic 5-HT la receptor is an autoreceptor located on 
cell bodies of raphe neurons; stimulation leads to inhi- 
bition of the firing of 5-HT neurons. Stimulation of 
postsynaptic 5-HT la receptors leads to hyperpolariza- 
tion of neurons - the opposite effect of stimulation of 
S-HT^ receptors. 

Extensive evidence indicates that 5-HT la receptor ag- 
onists have effects similar to 5-HT^ receptor antago- 
nists in a variety of systems (Darmani et al. 1990; Melt- 
zer and Maes 1995). A few examples will be given. DOI 
injected bilaterally into the rat medial prefrontal cortex 
elicited a dose-dependent head twitch response. This 
effect wa inhibited by M100907 and ketanserin, but the 
selective S-HT^ antagonist SDZ SER082. Pretreatment 
with the 5-HT la agonist 8-OH-DPAT inhibited the head 
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twitch response to DOI. Ahlenius (1988) first suggested 
that stimulation of 5-HT la receptors might produce an 
antipsychotic-like effect , based on behavioral studies in 
animals using the direct 5-HT la agonist 8-OH-DPAT. 

Subsequent studies demonstrated that 8-OH-DPAT 
enhanced the antipsychotic-like effect of the D 2 /D 3 an- 
tagonist raclopride (Wadenberg and Ahlenius 1991) 
and of haloperidol (Prinssen et al. 1996), and antago- 
nized the catalepsy induced by the D x agonist SCH23390 
in rats (Wadenberg 1992). The beneficial effect of 5-HT la 
agonists appears to be mediated by inhibition of me- 
dian raphe serotonergic neurons (Wadenberg and Hill- 
egaart 1995). Ichikawa and Meltzer (1995) demonstrated 
that 8-OH-DPAT inhibited the ability of clozapine and 
low dose risperidone but not haloperidol to increase ex- 
tracellular DA levels in the nucleus accumbens and the 
striatum of conscious rats. The effect in the nucleus ac- 
cumbens would be expected to enhance the antipsy- 
chotic effect of these agents by reducing dopaminergic 
activity. Several atypical antipsychotic drugs, including 
clozapine, ziprasidone, quetiapine, and tiospirone, are 
partial agonists at the 5-HT la receptor. Their affinities 
for the 5-HT la receptor were similar to their affinities at 
the human D 2 dopamine receptor (Newman-Tancredi 
et al. 1998). Rollema et al (1997) demonstrated that the 
ability of clozapine to increase DA release in the rat pre- 
frontal cortex was due to its 5-HT la agonist properties, 
in that it could be blocked by WAY-100635, a 5-HT la an- 
tagonist. These findings suggest that the combination of 
D 2 antagonism and 5-HT la agonism should produce an 
atypical antipsychotic agent. S16924 is an example of 
such a compound and it has atypical properties very 
similar to those of clozapine in a variety of animal mod- 
els (Millan et al. 1998a, 1998b). How closely such com- 
pounds will parallel 5-HT la /D 2 antagonists remains to 
be determined. Significant differences should be ex- 
pected. Compounds such as ziprasidone and clozapine 
combine 5~HT la agonism and 5-HT^ antagonism. 

Clinical studies of adding 5-HT la partial agonists 
such as buspirone, ipsapirone, and tandospirone may 
help to clarify the possible importance of 5-HT la ago- 
nism in the treatment of schizophrenia. It seems likely 
that there could be a new generation of antipsychotic 
drugs that incorporate 5-HT la agonism. 

THE ROLE OF SEROTONIN RELEASE IN 
ANTIPSYCHOTIC DRUG ACTION 

The antagonism of multiple 5-HT receptors by cloza- 
pine would be expected to enhance the release of 5-HT 
by feedback mechanisms. Thus, it was surprising that 
Ferre and Artigas (1995) reported that clozapine de- 
creased 5-HT release in the nucleus accumbens. How- 
ever, Ichikawa et al. (1998) reported that clozapine (20 
mg/kg) and risperidone (1 mg/kg) significantly in- 



creased extracellular 5-HT levels in the nucleus accum- 
bens and medial prefrontal cortex, respectively, whereas 
amperozide (1 and 10 mg/kg) increased extracellular 
5-HT levels in both regions. Hertel et al. (1997) reported 
similar results with risperidone and suggested that they 
might be releated to its ability to improve negative 
symptoms. If so, this is not the explanation for the ef- 
fects of clozapine or olanzapine on negative symptoms 
since olanzapine, sulpiride, haloperidol, and M100907 
had no effect on extracellular 5-HT levels in either re- 
gion. The latter finding indicates that blockade of S-HT^ 
receptors is not the basis for the ability of clozapine, ris- 
peridone or amperozide to increase S-HT^ levels (Ichi- 
kawa et al. 1998). The enhancement of 5-HT efflux in 
the prefrontal cortex may contribute to the ability of 
these agents to improve mood disorders and cognition. 

CONCLUSIONS 

There is strong evidence for the role of 5-HT^ receptors 
and suggestive evidence for the roles of the 5-HT la and 
5-HT^ receptors in the antipsychotic effects and ability 
to improve cognition of arious actions of clozapine, ris- 
peridone, olanzapine, quetiapine, ziprasidone, iloperi- 
done, sertindole, and related antipsychotic drugs. Stud- 
ies of specific antagonists and agonists of these 
receptors, alone and together with D 2 receptor antago- 
nists and doparrdnomimetic agents such as L-DOPA, 
amphetamine, and others will help to clarify their im- 
portance. Thus, if selective 5-HT^ antagonists such as 
Ml 00907 and SR 46439B are effective in the treatment of 
auditory hallucinations or paranoid delusions induced 
by pharmacologically enhanced dopamine activity, the 
case for the importance of 5-HT2a receptor blockade in 
the treatment of psychosis will be supported. There is 
considerable evidence that 5-HT2a receptor antagonism 
is most usefully conceptualized in relation to dopamine 
receptor antagonism. D 2 receptors appears to be the 
most important in this regard but it is likely that the D l7 
D 3 , and D 4 receptors will also influence various compo- 
nents of psychosis, mood, motivation, and cognition 
that are relevant to the clinical applications of the atypi- 
cal antipsychotic drugs. 

Potent 5-HT la agonism, and possibly 5-HT^ receptor 
agonism and 5-HT 6 or 5-HT 7 receptor antagonism may 
also be the basis for some of the actions of the current 
generation of atypical antipsychotic drugs and the basis 
for developing novel agents that do not necessarily 
have to be 5-HT^ antagonists. Multi-receptor agents ap- 
pear to be more promising as antipsychotic agents for 
the majority of psychiatric patients because of impor- 
tant interactions between neural circuits which employ 
multiple neurotransmitters. Underlying the efficacy of 
antipsychotic drugs which affect the serotonergic sys- 
tem is probably abnormalities in the serotonergic system 
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itself, e.g., increased S-HT^ and possibly decreased 
5-HT la receptor stimulation. However, the case of Par- 
kinson's psychosis induced by L-DOPA or bromocriptine 
suggests that drugs such as clozapine and melperone 
may be effective antipsychotics via their S-HT^ recep- 
tor antagonist properties even when the primary abnor- 
mality is mainly excessive dopaminergic stimulation. 

The limitations in the scope of this review to some of 
the literature on serotonin and dopamine with regard to 
the action of the new antipsychotic drugs necessitated 
omitting attention to the importance of other neu- 
rotransmitters such as acetylcholine, glutamate and 
norepinephrine. These neurotransmitters most cer- 
tainly contribute to the morbid state in psychosis and 
are influenced by the newer agents directly or indi- 
rectly. Despite the importance of these other neu- 
rotransmitters, only the antipsychotic drugs which 
have a spectrum of effects on the serotonergic system, 
particularly the 5-HT2a receptor, have produced highly 
relevant advances in the treatment of psychosis. There 
are no antipsychotic drugs yet available which have 
primary effects on any of these other neurotransmitters. 
This provides supports for a continued focus on seroto- 
nin, and especially serotonin-doparnine interactions, 
with regard to antipsychotic drug actions. 
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The recent enthusiasm among clinicians for the so-called 'atypical antipsychotics' has both improved treatment for 
schizophrenic patients and provided a welcome stimulus for basic research on antipsychotic mechanisms. Even the newer 
drugs have shortcomings, and research is underway aimed at identifying novel agents with greater efficacy and safety. 
Much of this effort is directed towards compounds which, in addition to blocking dopamine receptors, also act on other 
neurotransmitter receptors such as 5-HT 2 , 5-HT 1A and a 2 -adrenergic receptors. However, there is also a large amount of 
scientific activity seeking to discover and develop selective dopamine receptor subtype antagonists (including compounds 
which specifically block D 3 or D 4 receptors) or drugs that specifically target the dopamine autoreceptor. Finally, a 
number of drug development programmes are searching for no n -dopaminergic antipsychotics. Drugs that do not have 
affinity for dopamine receptors but act through neurotensin, sigma or cannabinoid CB, receptors or glutamatergic 
mechanisms are currently being evaluated. If any of these agents prove to have clinical efficacy this may lead to a third 
generation of antipsychotics. It is likely, however, that the mechanisms of action of such drugs will nevertheless imply the 
intimate involvement of dopaminergic pathways. © 2000 Lippincott Williams & Wilkins. 
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INTRODUCTION 

Since the discovery of the antipsychotic properties of 
chlorpromazine by Delay and Deniker in 1952, 
schizophrenia has been treated with a range of clas- 
sical neuroleptics belonging to diverse chemical 
classes. While these drugs are undoubtedly effective 
against the core symptoms of schizophrenia, they 
also produce a number of severe and unpleasant 
side effects, including extrapyramidal symptoms 
(Parkinson-like syndrome, dystonia, akathisia, tar- 
dive dyskinesia), sexual dysfunction, orthostatic hypo- 
tension, neuroendocrine disturbances, excessive se- 
dation and weight gain, that limit their therapeutic 
usefulness and reduce the patient's quality of life. 
Moreover, while most neuroleptics improve the posi- 
tive symptoms of schizophrenia (such as delusions 
and hallucinations), the negative symptoms (such as 
blunted affect and withdrawal) and cognitive deficits 
often show little improvement. Furthermore, a num- 
ber of schizophrenic patients are resistant to treat- 
ment. These drawbacks of conventional neuroleptics 
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have led to a considerable research effort to dis- 
cover and develop novel agents that safely treat both 
the positive and the negative symptoms of 
schizophrenia while producing few extrapyramidal 
side effects; these drugs are the so-called 'atypical 
antipsychotics' (Gerlach and Peacock, 1995; Kinon 
and Lieberman, 1996; Remington and Kapur, 2000). 

In the late 1960s and early 1970s, sulpiride and 
clozapine provided the first evidence that some anti- 
psychotic drugs could elicit a therapeutic effect in 
schizophrenic patients with few or no extrapyramidal 
side effects. These drugs gave impetus to the search 
for second generation antipsychotics, and these ef- 
forts have had some success. In this quest, different, 
though not mutually exclusive, conceptual paths have 
been followed. Most of the successful approaches 
are based on the original dopamine hypothesis of 
schizophrenia, which proposes that excess dopamine 
in the brain underlies the positive symptoms of 
schizophrenia and that blockade of dopamine recep- 
tors of the D 2 family is a requisite property for 
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antipsychotic activity (Carlsson, 1978; Willner, 1997). 
Major improvements in both antipsychotic and side 
effect profiles can be obtained through the develop- 
ment of D 2 receptor antagonists, which, in addition, 
interact with other neurotransmitter systems, in par- 
ticular, it has been proposed, the serotonergic sys- 
tem (Meltzer, 1996, 1999). 

Among compounds that, in addition to having the 
property of blocking dopamine D 2 receptors, also 
show affinity for serotonin and other neurotransmit- 
ter receptors, risperidone, sertindole, olanzapine, 
quetiapine and zotepine have recently entered clini- 
cal practice, and other compounds, including ziprasi- 
done and iloperidone, are in clinical development 
(Blin, 1999; Richelson, 1999). However, the appar- 
ently opposite approach of developing agents with 
selectivity for dopamine D 2 receptors as great as or 
greater than that shown by sulpiride has led to the 
production of other substituted benzamides, includ- 
ing amisulpride and remoxipride (which was with- 
drawn because of side effects). There is also con- 
siderable interest in the possibility that drugs 
selective for the D 3 or D 4 dopamine receptor sub- 
types might have antipsychotic potential (Hadley, 
1996; Levant, 1997; Reynolds, 1996). 

While the positive symptoms of schizophrenia may 
result from dopamine neuron hyperactivity (Laruelle 
et aL, 1999), negative symptoms seem to be caused 
by structural brain damage, evidenced by enlarge- 
ment of the cerebral ventricles and decreased frontal 
cortex blood flow (Andreasen et aL, 1996). The hy- 
pothesis has been put forward that negative sympto- 
matology might involve hypoactivity in cortical do- 
pamine projections (Berman and Weinberger, 1990) 
and could therefore be treated by increasing do- 
pamine activity (Willner, 1997). This concept has led 
to the development of preferential dopamine auto- 
receptor antagonists such as amisulpride (Coukell et 
aL, 1996; Scatton et aL, 1997), which differ from the 
majority of neuroleptics in being clinically effective 
against both the positive and the primary negative 
symptoms of schizophrenia (Freeman, 1997; Rein 
and Turjanski, 1997). 

This paper provides an overview of some of the 
different pharmacological and molecular approaches 
that have been envisaged so far for the development 
of novel neuroleptics and that are based on the 
dopamine hypothesis of schizophrenia. In addition, 
we discuss some prospective non-dopaminergic tar- 
gets that are presently being actively pursued. 

MULTI-RECEPTOR AGENTS 
Serotonin receptors 

While a sine qua non for antipsychotic action has so 
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far been the blockade of D 2 -like receptors, it has 
been claimed that blockade of additional neurotrans- 
mitter receptors, in particular the 5-hydroxytrypta- 
mine 2 (5-HT 2 ) subtype of serotonin receptors, may 
contribute to a low incidence of extrapyramidal side 
effects and may also play a part in antipsychotic 
efficacy (particularly with regard to negative symp- 
toms). This line of reasoning was based on the rich 
and complex pharmacological profile of clozapine, 
which has affinity, for a wide range of neurotransmit- 
ter receptors, including dopamine D u D 2 and D 4 , 
a r and a 2 -adrenergic, H r histaminergic, muscarinic 
and several serotonin receptor subtypes (Leysen et 
aL, 1993; Brunello et aL, 1995; Ashby and Wang, 
1996). It was argued, quite logically, that, as cloza- 
pine is an effective antipsychotic with fewer ex- 
trapyramidal and other serious side effects (with the 
exception of agranulocytosis) than traditional neu- 
roleptics, and may in addition be efficacious in 
patients resistant to other drugs (Kane et aL, 1988), 
this profile is unlikely to result from pharmacologi- 
cal activities, such as D 2 receptor blockade, shared 
with traditional drugs. Further emphasis has been 
placed on such arguments by more recent findings 
showing that, in schizophrenic patients, the propor- 
tion of striatal D 2 receptors occupied by therapeutic 
doses of clozapine (average values in the range 
40-60%) seems to be considerably lower than the 
levels of occupation shown by haloperidol and other 
classical drugs (> 70%) (Farde et aL, 1994; Kapur et 
aL, 1999). It has been claimed, however, that this 
difference may be an artefact and that the 'real' 
level of D 2 occupation produced by clinically active 
doses of clozapine may in fact be about 70% 
(Seeman and Kapur, 1997). 

The blockade of 5-HT 2 receptors (probably the 
5-HT 2A subtype; Meltzer, 1999) by new generation 
antipsychotic drugs may be of particular significance. 
Meltzer and colleagues (1989) proposed that atypical 
clinical profiles (i.e. antipsychotic activity without 
extrapyramidal side effects) could be related to the 
ratio of affinities for 5-HT^ and D 2 receptors. This 
hypothesis was reinforced by the finding that several 
drugs other than clozapine, particularly risperidone 
(Grant and Fitton, 1994), olanzapine (Fulton and 
Goa, 1997) and sertindole (Sanchez etaL, 1991), that 
have good antipsychotic efficacy and few side effects 
also have high affinities for 5-HT 2A receptors rela- 
tive to D 2 receptors. It is clear, however, that activ- 
ity at 5-HT 2A receptors is not essential for antipsy- 
chotic efficacy as a number of clinically active drugs 
do not share this property. Therefore, much empha- 
sis was placed on the possibility that blockade of 
5-HT 2A receptors might prevent D 2 receptor block- 
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ade in the nigrostriatal system from giving rise to 
motor side effects (Kapur, 1996). However, as 
pointed out by Kapur and Remington (1996), it is 
not necessary to propose such a hypothesis to ex- 
plain the effects of clozapine, as the lack of 
extrapyramidal side effects with this drug can be 
explained more parsimoniously as due simply to the 
relatively low D 2 receptor occupancy in the striatum. 
It is therefore necessary to propose another hy- 
pothesis, namely that activity at 5-HT 2A receptors 
potentiates antipsychotic effects produced by D 2 re- 
ceptor occupation. There is indeed some experimen- 
tal evidence consistent with this idea (Andersson et 
al, 1995). 

However, although clinical studies indicate that 
antipsychotic doses of quetiapine, like clozapine, are 
associated with relatively low levels of dopamine 
receptor occupancy (Kufferle et al, 1997), this is 
apparently not the case with risperidone and olanza- 
pine (Kapur et al y 1999). Thus, although 5-HT 2A - 
mediated neurotransmission may play a role in me- 
diating the clinical profiles of all these drugs, it 
seems unlikely that they all act through identical 
mechanisms. Consistent with this idea is the fact 
that different drugs also show a variety of differ- 
ences in their pharmacological characteristics (Arnt 
and Skarsfeldt, 1998). 

It has also been proposed that, in addition to 
potentiation of the effects produced by D 2 receptor 
antagonism, blockade of 5-HT M receptors might 
itself give rise to antipsychotic effects (Schmidt et 
al. y 1995). Ritanserin, which has antagonist activity 
at both 5-HT 2A and 5-HT 2C receptors, has been 
evaluated in several small-scale clinical trials in 
schizophrenic patients. In one open study, ritanserin 
was reported to show antipsychotic efficacy (Wiesel 
et al, 1994), whereas another trial found antidepres- 
sive but not antipsychotic effects (Strauss and 
Klieser, 1991). When ritanserin was added to neu- 
roleptic treatment in a placebo-controlled, double- 
blind trial involving 33 schizophrenic patients with 
predominantly negative symptoms, there was a sig- 
nificant reduction of the symptoms in this class 
(Duinkerke et al, 1993). Such observations have led 
to the development and clinical testing of a number 
of compounds with high affinity and selectivity for 
5-HT 2A sites (in comparison to D 2 receptors), in- 
cluding MDL 100,907 (Sorensen et al, 1993; Kehne 
et al, 1996), fananserin (which has additional affinity 
for dopamine D 4 receptors; Doble et al, 1992) and 
SR 46349 (Rinaldi-Carmona et al, 1992). Controlled 
clinical trials with fananserin and MDL 100,907 did 
not demonstrate clear antipsychotic efficacy, and it 
remains unclear whether pure 5-HT M antagonists 



will find a place in the treatment of schizophrenia 
(Truffinet et al, 1999). Further clinical research will 
also be necessary to establish whether 5-HT 2A an- 
tagonism may be particularly useful in treating nega- 
tive symptoms. 

Although the focus of research on the role of 
serotonergic mechanisms in antipsychotic drug 
effects has been on 5-HT 2A receptors, activity at 
5-HT 1A , 5-HT 6 and 5-HT 7 receptors may also be of 
some significance (Roth et al, 1994; Meltzer, 1999). 
While the evidence that blocking 5-HT M receptors 
can prevent or reduce the motor effects of D 2 block- 
ade is relatively weak (Kapur and Remington, 1996), 
there are experimental data, both from clinical and 
animal studies, suggesting that stimulation of 5-HT 1A 
receptors does produce such an effect. Thus, several 
studies have shown that compounds with 5-HT 1A 
agonist or partial agonist effects, such as 8-hydroxy- 
2-(di-tt-propylamino)tetralin (8-OH-DPAT) and bus- 
pirone, can inhibit catalepsy produced by neurolep- 
tics in rats and can enhance other behavioural or 
biochemical effects of neuroleptics in models 
believed to reflect antipsychotic activity (Wadenberg 
and Ahlenius, 1991; Wadenberg, 1996; Prinssen et 
al, 1996; Ichikawa and Meltzer, 1999). Such results 
suggest that drugs with combined D 2 antagonist and 
5-HT 1A agonist properties might show particularly 
interesting clinical antipsychotic properties. It is 
worth noting that ziprasidone shows a high affinity 
for 5-HT 1A and D 2 receptors (as well as for 5-HT 2A , 
5-HT 2C and 5-HT 1D sites) and has 5-HT 1A agonist 
effects in vitro and in vivo (Seeger et al, 1995; 
Sprouse et al, 1999). Ziprasidone has been reported 
to have good antipsychotic activity against both the 
positive and the negative symptoms of schizophrenia 
with few extrapyramidal side effects (Daniel et al, 
1999). 

Drugs which stimulate 5-HT 1A receptors are usu- 
ally associated with anxiolytic and antidepressant 
effects rather than antipsychotic action (Barrett and 
Gleeson, 1991; Thiebot and Martin, 1991). It is 
therefore particularly intriguing to note that ziprasi- 
done was reported to alleviate depressive symptoms 
when tested in schizophrenic patients (Daniel et al, 
1999). If the clinical profile of ziprasidone is con- 
firmed in further trials and, eventually, in routine 
clinical use, this might indicate that combined D 2 
and 5-HT 1A activity could provide particularly good 
antipsychotic efficacy, although the significance of 
affinity of ziprasidone for other serotonin receptor 
subtypes cannot be ruled out entirely. Several other 
agents with combined D 2 antagonist and 5-HT 1A 
agonist activities have been described, and it will be 
extremely interesting to observe the antipsychotic 
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actions of these compounds if they come into clini- 
cal use (Rigton et aL, 1996; Millan et aL, 1998). 

Cholinergic mechanisms 

While attention has been sharply focused in recent 
years on potential roles for serotonin receptors in 
mediating the pharmacological effects of clozapine 
and other new generation antipsychotics, there is 
additional evidence that other neurotransmitter re- 
ceptors for which clozapine has appreciable affinity 
may also be of importance. Standard clinical prac- 
tice for many years has involved the treatment of the 
extrapyramidal side effects of neuroleptics with drugs 
having antimuscarinic activity. It has also been 
known for some time that both clozapine and thiori- 
dazine have affinity for muscarinic receptors, which 
might account for the good neurological tolerance of 
these drugs (Snyder et aL, 1974; Josselyn et aL, 
1997). However, the observation that clozapine in- 
creases salivation, whereas salivation is inhibited by 
anticholinergic drugs, has seemed inconsistent with 
this idea (but see also Rabinowitz et aL, 1996). A 
possible explanation for this apparent anomaly was 
provided by the report that clozapine can exert 
agonist or antagonist effects at different muscarinic 
receptor subtypes (Zorn et aL, 1994). Olanzapine 
also has significant affinity for muscarinic receptors 
in vitro and in vivo (Bymaster et aL, 1996). It is also 
notable, however, that the high affinities of clozap- 
ine and olanzapine for muscarinic receptors observed 
in vitro do not always seem to predict high affinities 
or potencies in ex vivo or in vivo studies (Schotte et 
aL, 1996; Zhang and Bymaster, 1999). 

a- Adrenoceptors 

Many antipsychotic drugs, both classical and new 
generation agents, have appreciable affinities for 
a-adrenergic receptor sites (Leysen et aL, 1993). 
Traditionally, activity at a j -adrenoceptors has been 
thought to be associated with the undesirable ac- 
tions of antipsychotics such as sedation and cardio- 
vascular side effects (e.g. orthostatic hypotension). It 
has also been proposed, however, that (^-adreno- 
ceptor antagonist activity may be of some impor- 
tance in the mechanism of action of clozapine and, 
potentially, some other newer drugs. Prinssen and 
colleagues (1994a, 1994b, 1996) came to this conclu- 
sion on the basis of their results showing interac- 
tions between a j -adrenergic agonists and antago- 
nists, and haloperidol and clozapine, in the paw test 
and a conditioned avoidance procedure, two meth- 
ods believed to predict clinical antipsychotic effects. 
Other studies have reported antipsychotic-like be- 
havioural effects of a r adrenoceptor antagonists. For 
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example, prazosin has been reported to block am- 
phetamine-induced hyperactivity in rodents (Arnt, 
1995; Darracq et aL, 1998). 

In addition, Nutt et aL (1997) suggested that the 
affinity of clozapine for a 2 -adrenoceptors (ap- 
proximately the same as the drug's affinity for D 2 
sites) may be of importance, noting that (^-adrenoc- 
eptor mechanisms in the frontal cortex may be of 
particular significance in mediating cognitive 
processes. It has also been reported that the ar- 
adrenoceptor antagonist idazoxan can potentiate the 
antipsychotic effect of fluphenazine (Litman et aL, 
1993). Several recent experimental studies also pro- 
duced results consistent with the view that ar- 
adrenoceptor antagonism produced by clozapine may 
be responsible either for the lack of extrapyramidal 
side effects or for the good antipsychotic efficacy of 
this drug. For example, clozapine can actually inhibit 
the catalepsy produced by the classical neuroleptic 
loxapine, an effect which may be related to ar- 
adrenoceptor blockade. However, McAllister and 
Rey (1999) have recently presented results suggest- 
ing that this effect is due to the anticholinergic 
properties of clozapine. Nevertheless, certain be- 
havioural effects of haloperidol and chlorpromazine 
can be potentiated by idazoxan, and it has also been 
reported that combined administration of clozapine 
and clonidine gives rise to a haloperidol-like be- 
havioural profile in an electrical self-stimulation 
procedure (Hertel et aL, 1999; Montgomery et aL, 
1999). Raclopride-induced dopamine release in the 
frontal cortex is also potentiated by idazoxan (Hertel 
et aL, 1999). These results, although limited, suggest 
that combined blockade of D 2 and a 2 receptors 
may produce particularly effective and well-tolerated 
antipsychotics. 

COMPOUNDS ACTING SELECTIVELY AT * 
DOPAMINE RECEPTORS 

Selective dopamine receptor subtype antagonists 
Five dopamine receptor subtypes have so far been 
identified. They fall into two classes: the D x /D 5 
family and the D 2 -like family (which includes D 2 , D 3 
and D 4 subtypes). All five receptor subtypes have 
been envisaged as possible targets for atypical 
antipsychotic drugs. 

Josselyn, Miller and Beninger (1997) proposed 
that clozapine is an especially effective antipsychotic 
because it acts directly at D, receptors, and that D x 
receptor blockade may be the final common pathway 
for the actions of all antipsychotic drugs. This hy- 
pothesis suggests that selective D l antagonists would 
be of particular interest clinically. The search for 
selective Dj receptor antagonists led to the discov- 
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ery of SCH-39166, a compound that in preclinical 
studies showed efficacy in models predictive of anti- 
psychotic activity (inhibition of conditioned avoid- 
ance responses in monkeys and of apomorphine- 
induced climbing behaviour in the mouse), at doses 
largely dissociated from those that induced catalepsy 
and that did not elevate prolactin levels (Chipkin et 
aL, 1988). Clinical trials with SCH-39166, however, 
failed to demonstrate efficacy on the positive or 
negative symptoms of schizophrenia (Karlsson et aL, 
1995), and the clinical antipsychotic effect of a sec- 
ond Dj antagonist, NNC 01-0686, was also not very 
convincing (Karle et aL, 1995). Taken together, these 
results do not encourage the view that further devel- 
opment of D l antagonists would lead to better 
antipsychotic agents. 

Recent positron emission tomography (PET) stud- 
ies have revealed a reduction in the density of D x 
receptors in the prefrontal cortex in schizophrenia 
that was related to the severity of the negative 
symptoms and cognitive deficits (Okubo et aL, 1997). 
This suggests that further reduction of an already 
endogenously reduced D, function via D, receptor 
blockade would not be expected to ameliorate, but 
rather to worsen, the negative symptoms of 
schizophrenia. Whether partial or full agonists at Dj 
receptors would be useful for treating the negative 
or cognitive symptoms of schizophrenia is worth 
exploring. 

Among the D 2 -like receptors, the D 4 and D 3 
receptors have attracted most attention because of 
their exclusive localization in areas of the brain that 
may be relevant to schizophrenia (the limbic and 
cortical regions). The discoveries that clozapine is 
particularly potent at blocking D 4 receptors, and 
that a wide range of neuroleptics have a high affinity 
for the D 4 receptor, which is negatively correlated to 
their ability to induce catalepsy, have reinforced 
interest in the development of pure D 4 receptor 
antagonists (Reynolds, 1996; Seeman et aL, 1997). 

This approach is actively being pursued by a num- 
ber of pharmaceutical companies, which have identi- 
fied very potent (nanomolar range) and selective 
(selectivity ratio of D 4 to D 2 ranging from 200- to 
2000-fold) D 4 receptor antagonists such as L-745,870, 
NGD 94-1, U-101387, YM-50001, PD17185 and 
CP293019. These compounds are generally inactive 
in traditional behavioural models predictive of an- 
tipsychotic activity or side effects (Hadley, 1996; 
Bristow et aL, 1997a,b). However, some D 4 antago- 
nists have been shown to reverse apomorphine- or 
amphetamine- 
induced hyperactivity at relatively high doses (Had- 
ley, 1996) though this might be a D 2 receptor medi- 



ated effect. Interestingly, NGD 94-1 and PD17185 
also reverse apomorphine-induced disruption of pre- 
pulse inhibition of the acoustic startle response in 
rats, a test which mirrors impairment of attentional 
function and information processing in schizophrenic 
patients, and NGD 94-1 antagonized cognitive 
deficits in monkeys produced by phencyclidine 
(Tallman, 1998; Jentsch et aL, 1999). 

Unfortunately, recent double-blind clinical trials 
performed with L-745,870 and with the mixed D 4 /5- 
HT 2 antagonist fananserin in schizophrenic patients 
have been disappointing, since they failed to demon- 
strate any improvement in positive or negative symp- 
toms compared with placebo. With L-745,870 the 
dose was chosen as that which, on the basis of 
indirect estimates, was expected to occupy 90% of 
cerebral D 4 receptors, which excludes the possibility 
that the drug dosage was insufficient (Kramer et aL, 
1997; Truffinet et aL, 1999). 

Following the proposal that D 3 receptors may be 
of particular significance for schizophrenia and anti- 
psychotic drug actions (Sokoloff et aL, 1990), several 
selective D 3 antagonists and various compounds with 
high potency (nanomolar range) for D 3 receptors 
and moderate or high levels of selectivity for D 3 
compared with D 2 receptors have been described, 
including nafadotride, PNU 99194A, S-14287 and 
GR-10369 (Sautel et aL, 1995; Millan et aL, 1995; 
Murray et aL, 1995; Haadsma-Svensson and 
Svensson, 1998). Nafadotride antagonizes apomor- 
phine-induced climbing behaviour and hypothermia 
(tests predictive of antipsychotic activity), but 
catalepsy was induced at similar doses (Sautel et aL, 
1995; Audinot et aL, 1998). This suggests that the 
selectivity of nafadotride for D 3 compared with D 2 
receptors is not sufficient to allow separation 
between the antipsychotic and extrapyramidal ef- 
fects. An interesting feature of this compound, how- 
ever, is its ability at low doses to facilitate place 
conditioning induced by food in rats (a prohedonic- 
like effect) (Chaperon and Thiebot, 1996), which 
suggests potential in the treatment of the negative 
symptoms of schizophrenia. ( + )S-14297 was re- 
ported to antagonize hypothermia induced by the 
D 3 -preferring agonist 7-0H-DPAT in rats at rela- 
tively low doses, but did not induce catalepsy or 
elevate plasma prolactin levels (Millan et aL, 1995; 
Audinot et aL, 1998). This compound has also been 
shown to block haloperidol-induced catalepsy with- 
out affecting the disruption of conditioned avoid- 
ance responding produced by the neuroleptic (Mil- 
lan et aL, 1997). This favourable pharmacological 
profile suggests that ( + )S-14297 could possess anti- 
psychotic activity without inducing extrapyramidal or 
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neuroendocrine side effects in schizophrenic 
patients. However, as research progresses with the 
few selective D 3 antagonists so far available, it is 
becoming clear that no prototypical D 3 antagonist 
pharmacological profile is emerging (Audinot et ai, 
1998; Clifford and Waddington, 1998). Furthermore, 
as shown by experiments with D 3 receptor knock-out 
mice, certain behavioural effects of at least some of 
these compounds seem not to be mediated through 
dopamine D 3 receptors (Boulay et ai, 1999). 

It appears that, among the different dopamine 
receptor subtypes possibly implicated in antipsy- 
chotic drug action, the D 2 and D 3 receptors are 
currently the leading candidates. Nevertheless, the 
relative role of these two receptors remains to be 
established by clinical studies with new selective D 2 
and D 3 antagonists. It is not yet clear whether 
blockade of D 3 receptors alone will be sufficient to 
achieve antipsychotic effects, and more effective 
antipsychotic medication may require action at 
both subtypes of D 2 -like receptors. 

Dopamine autoreceptors 

Dopamine receptors are located not only on do- 
paminoceptive postsynaptic elements, but also pre- 
synaptically on dopaminergic neurons. It is now well 
established that presynaptic D 2 and D 3 receptors 
are involved in the local regulation of the release of 
dopamine from nerve terminals through a negative 
feedback mechanism, and somatodendritic D 2 /D 3 
autoreceptors are involved in the control of the 
firing of dopaminergic neurons (Langer and 
Lehmann, 1988). Therefore, another approach to 
developing atypical neuroleptics involves targeting 
presynaptic D 2 /D 3 receptors. Extensive clinical tri- 
als with the benzamide derivative amisulpride, a 
blocker of D 2 /D 3 autoreceptors, have revealed a 
clear-cut efficacy of this drug at low doses on pri- 
mary negative symptoms and at higher doses on 
both the positive and negative symptoms of 
schizophrenia, with a low propensity to induce neu- 
rological side effects and a very good general toler- 
ance (Coukell et ai, 1996; Freeman, 1997; Rein and 
Turjanski, 1997). This remarkable antipsychotic ac- 
tion of amisulpride appears to result from its phar- 
macological profile. Binding studies have shown that 
amisulpride is a specific D 2 and D 3 receptor antago- 
nist, with a seven-fold selectivity for the native D 3 
compared with the D 2 receptor in vitro (Schoemaker 
et al, 1997a). A higher D 3 versus D 2 selectivity ratio 
was found in in vivo and ex vivo binding studies in 
mice and rats (Scatton et ai, 1997; Schoemaker et 
ai, 1997b). An important feature of amisulpride is 
its ability to block presynaptic D 2 /D 3 autoreceptors 
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in vitro at nanomolar concentrations (antagonism of 
7-OH-DPAT induced decrease in electrically evoked 
release of 3 H-dopamine from rat nucleus accum- 
bens slices) and in vivo at relatively low doses. 
Amisulpride is 17 times more selective in vivo for 
presynaptic versus postsynaptic D 2 /D 3 receptors. 
This property of amisulpride allows it to enhance 
dopaminergic transmission in certain brain areas at 
low doses, and may account for its efficacy on the 
negative symptoms of schizophrenia, which have 
been suggested to reflect a state of decreased corti- 
cal dopaminergic function (Berman and Weinberger, 
1990). Behavioural data in rats demonstrating 
prohedonic-like effects of amisulpride at low doses 
in a food-induced place conditioning procedure, and 
anti-anhedonic-like effects in a chronic mild stress 
model, are in line with this hypothesis (Guyon et ai, 
1993; Papp and Wieronska, 2000). Moreover, low 
dopamine-autoreceptor-selective doses of amisul- 
pride markedly increase glucose use (an index of 
integrated functional activity) in several cortical 
areas of the rat, including the prefrontal, cingulate, 
temporal and orbital cortices (Cudennec et ai, 1997), 
suggesting that amisulpride, by enhancing dopamin- 
ergic transmission in cortical areas, may be able to 
correct the hypofrontality seen in schizophrenic 
patients. The question of how amisulpride, or other 
agents, can show apparent selectivity for presynaptic 
dopamine receptors, since the nature of the presy- 
naptic and postsynaptic receptors has not been shown 
to be fundamentally different, has yet to be clearly 
answered. One might speculate, however, that this 
property relates to a particularly important presy- 
naptic location of D 3 receptors (for example see 
Kreiss et ai, 1995). 

At higher doses, amisulpride also blocks postsy- 
naptic D 2 /D 3 receptors, with a preferential effect in 
the limbic system (Schoemaker et ai, 1997a), and 
antagonizes dopamine-dependent behaviours linked 
to excess dopamine transmission in the limbic sys- 
tem (apomorphine-induced climbing and am- 
phetamine-induced hyperlocomotion) without induc- 
ing catalepsy in the rodent (Perrault et a/., 1997). 
After repeated treatment, amisulpride also reduces 
the number of spontaneously active dopamine neu- 
rons in the ventral tegmental area, but not in the 
substantia nigra (Di Giovanni et ai, 1998). The 
preferential blockade of dopaminergic transmission 
by amisulpride in the limbic system may account for 
its ability to prevent the florid symptoms of 
schizophrenia with minimal extrapyramidal side ef- 
fects. 

Thus, the dual efficacy of amisulpride against the 
primary negative and positive schizophrenic symp- 
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toms may be attributable to the relative predomi- 
nance of presynaptic or postsynaptic actions, result- 
ing in a net increase in dopaminergic function at low 
doses and in a net decrease in dopamine transmis- 
sion at higher doses. This emphasizes the impor- 
tance of the dopamine autoreceptor antagonist 
approach for the treatment of both forms of 
schizophrenia. It should also be pointed out, how- 
ever, that like most antipsychotics (but not clozapine 
and olanzapine, for reasons which are not yet clear), 
amisulpride does give rise to increases in plasma 
prolactin levels (Dickson and Glazer, 1999; Grunder 
et al, 1999b) 

Despite the evident success of amisulpride, it is 
not clear whether other agents with identical mecha- 
nisms of action are currently being developed. How- 
ever, at least one drug, aripiprazole, that may act 
through presynaptic and postsynaptic dopamine re- 
ceptors is being tested clinically. Like amisulpride, 
aripiprazole blocks the effects of apomorphine but 
does not produce catalepsy except at much higher 
doses (Semba et al, 1995). It shows a high affinity 
for dopamine D 2 receptors, with a much lower af- 
finity for serotonin receptors (Lawler et al, 1999). 
However, electrophysiological, biochemical and be- 
havioural experiments indicate that aripiprazole, 
while blocking postsynaptic D 2 receptors, may actu- 
ally have agonist activity at presynaptic sites (Kikuchi 
et al, 1995; Semba et al, 1995; Fujikawa et al, 1996). 
Little information is available on the clinical profile 
of aripiprazole, but an early report suggested that 
the drug may be active against both the positive and 
the negative symptoms of schizophrenia (Toru et al, 
1994). 

BEYOND THE DOPAMINE HYPOTHESIS OF 
SCHIZOPHRENIA 

As stressed in the Introduction, most of the current 
approaches for the development of antipsychotic 
agents are derived from the dopamine hypothesis of 
schizophrenia. However, it is possible that the 
abnormalities of dopamine transmission in schizo- 
phrenia may be secondary to alterations in other 
neuronal systems that have intimate interactions 
with the dopamine systems. 

Neurotensin receptor agonists and antagonists 
Neurotensin is a tridecapeptide which is colocalized 
with dopamine in dopaminergic neurons that project 
specifically to the prefrontal cortex and nucleus ac- 
cumbens, and it acts as a modulator of dopaminergic 
transmission in various brain areas (Kasckow and 
Nemeroff, 1991; Rostene et al, 1997). It is also of 



interest here to note that other researchers have 
proposed that the effects of currently used antipsy- 
chotic drugs may be mediated through neurotensin- 
containing neurons, and that neurotensin agonists 
might show antipsychotic activity (Liegeois et al, 
1995; Kinkead et al, 1999). In line with this hypothe- 
sis, a recent study reported that the neurotensin 
agonist PD149163 produced antipsychotic-like ef- 
fects (i.e. antagonized the effect of amphetamine) on 
the prepulse inhibition of the startle response in rats 
(Feifel et al, 1999), and that blockade of neu- 
rotensin transmission with SR 142948 prevents the 
behavioural effects of haloperidol in the prepulse 
inhibition of the acoustic startle reflex and latent 
inhibition procedures (Kinkead et al, 1999). 

In apparent contradiction to this approach, there 
is also evidence to indicate that neurotensin antago- 
nists may have antipsychotic potential. Neurotensin 
has been shown to increase the firing of dopaminer- 
gic neurons and the release of dopamine in the 
nucleus accumbens and striatum in vitro and in vivo. 
Moreover, local injections of neurotensin into the 
ventral tegmentum increase locomotor activity and 
have been reported to potentiate the disruption of 
prepulse inhibition produced by dopamine agonists 
(Feifel et al, 1997). Very potent and selective non- 
peptidic neurotensin receptor antagonists such as 
SR 48692 and SR 142948 have been identified (Gully 
etal, 1993, 1997). When given chronically, SR 48692 
decreases the spontaneous electrical activity of do- 
paminergic neurons in the ventral tegmentum but 
not in the substantia nigra, and selectively decreases 
basal release of dopamine in the nucleus accumbens 
(Santucci et al, 1997; Azzi et al, 1998). Moreover, 
SR 48692 antagonizes the behavioural effects of 
psychostimulants (Betancur et al, 1998). Neuro- 
tensin antagonists may thus represent a new type of 
antipsychotic drug that acts by preventing excessive 
dopaminergic neuron activity via a blockade of a 
pathologically enhanced neurotensin tone on these 
neurons. Phase II clinical trials with SR 48692 are 
currently underway in schizophrenia. 

Glutamate receptor agonists 

Glutamate is the major excitatory neurotransmitter 
in the central nervous system. Several lines of evi- 
dence have suggested that a dysregulation of gluta- 
matergic efferent projections may be involved in the 
pathophysiology of schizophrenia (Carlsson and 
Carlsson, 1990). Phencyclidine, an antagonist of the 
Af-methyl-D-aspartate (NMD A) subtype of glutamate 
receptor, is known to induce a range of behavioural 
effects very similar to both positive and negative 
schizophrenic symptoms. These include thought dis- 
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orders, delusions, affective blunting and cognitive 
dysfunction. Phencyclidine has also been reported to 
elicit a recrudescence of psychosis in stabilized 
schizophrenic patients (Allen and Young, 1978). 
Moreover, long-term administration of phencycli- 
dine in monkeys causes a reduction in dopamine 
utilization in the dorsolateral prefrontal cortex (rem- 
iniscent of the hypofunction of cortical dopamine 
neurons suspected to occur in negative schizophre- 
nia) and enduring cognitive deficits that were im- 
proved by clozapine treatment (Jentsch et al, 1997). 
Post mortem studies have reported abnormalities in 
glutamatergic markers in the frontal lobe of 
schizophrenic individuals, which may underlie 
NMDA receptor hypofunction (Nishikawa et al, 
1994). These findings have contributed to the devel- 
opment of a hypoglutamatergic hypothesis of 
schizophrenia and suggest that NMDA receptor ago- 
nists may possess antipsychotic potential. Whether 
compounds that enhance glutamatergic transmission 
produce antipsychotic effects is beginning to be in- 
vestigated clinically. Glycine or D-serine, by stimulat- 
ing the glycine modulatory site present on the 
NMDA receptor, would be expected to enhance 
glutamatergic transmission and to improve 
schizophrenic symptoms. Administration of high 
doses of glycine and D-cycloserine (a glycine site 
partial agonist), alone or in combination with neu- 
roleptics, has been claimed to ameliorate negative 
schizophrenic symptoms (Javitt et al, 1994; Goff et 
al, 1995), but results with the glycine prodrug mi- 
lacemide have been inconsistent (Rosse et al, 1990). 

It has also been proposed that compounds that 
enhance glutamatergic neurotransmission through 
allosteric modulation of the AMPA (alpha-amino-3- 
hydroxy-5-methyl-4-isoxatepropionic acid) subtype of 
glutamate receptors (called ampakines) may have 
utility in treating schizophrenia (Johnson etal, 1999). 
One such compound has been found to inhibit am- 
phetamine-induced hyperactivity in rats (Larson et 
aL, 1996). Similarly, there is evidence that 
metabotropic glutamate receptors may be implicated 
in schizophrenia and antipsychotic drug action 
(Grauer and Marquis, 1999; Richardson-Burns etal, 
2000). 

Sigma receptors 

Sigma receptors were first proposed by Martin and 
colleagues (1976) as a subtype of opiate receptors 
that mediate the behavioural effects of SKF 10,047 
( TV-ally Inormetazocine). These effects include stimu- 
lant actions in experimental animals and symptoms 
reminiscent of schizophrenia, such as depersonaliza- 
tion, in human subjects. However, there was initially 



some confusion between sigma receptors and the 
phencyclidine-binding site associated with the 
NMDA subtype of glutamate receptors, for which 
SKF 10,047 has affinity. Nevertheless, there has been 
a considerable research effort aimed at investigating 
the functional significance of sigma receptors 
(Walker et al, 1990). The idea that these receptors 
provide an appropriate target for novel antipsychotic 
drug development remains strong, particularly as 
several classical antipsychotics, including haloperi- 
dol, have particularly high affinities for these recep- 
tors (Tarn and Cook, 1984; Deutsch et al, 1988; 
Snyder and Largent, 1989). Moreover, the recent 
demonstration of an association between polymor- 
phisms in the sigma! receptor gene and schizophre- 
nia suggests that this receptor may play a role in the 
pathogenesis of schizophrenia (Ishiguro et al, 1998). 

In recent years a number of compounds with 
affinity for sigma receptors but not for dopamine D 2 
receptors have been described. Some of these agents, 
including NE-100, MS-377 and SR 31742A, are re- 
ported to block certain behavioural actions of phen- 
cyclidine or dopaminomimetics, which might indi- 
cate antipsychotic effects (Okuyama et al, 1994; 
Takahashi et al, 1999; Poncelet et al, 1993). More- 
over, SR 31742A reduces conditioned avoidance re- 
sponding in the rat. Interestingly these compounds 
do not produce catalepsy. There is also evidence 
that sigma ligands, including SA 4503, E-5842 and 
SR 31742A when given acutely, preferentially in- 
crease the firing of dopaminergic neurons in the 
limbic system (Poncelet et al, 1993; Minabe et al, 
1999; Sanchez-Arroyas and Guitart, 1999). More- 
over, when given subacutely, SR 31742A, like atypi- 
cal neuroleptics, preferentially decreases the num- 
ber of spontaneously active dopaminergic cells in 
the ventral tegmentum compared with the substantia 
nigra (Poncelet et al, 1993). It is likely, therefore, 
that these compounds reduce dopaminergic trans- 
mission, possibly through potentiation of NMDA 
receptor-mediated neurotransmission, which might 
predict clinical antipsychotic effects (Debonnel and 
de Montigny, 1996; Liang and Wang, 1998). It has 
also been proposed, however, that certain motor 
side effects of classical neuroleptics may be medi- 
ated through sigma binding sites (Walker et al, 
1988; Jeanjean et al, 1997). 

At least three compounds with affinity for sigma 
receptors, BMY 14802, eliprodil and panamesine, 
have already been tested in schizophrenic patients. 
In small trials neither BMY 14802 nor eliprodil was 
found to have efficacy against positive symptoms, 
but there was some evidence that eliprodil might 
alleviate negative symptoms (Garreau et al, 1992; 
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Gerwitz et aL, 1994; Modell et aL, 1996X Paname- 
sine was found to have some antipsychotic activity 
but also gave rise to extrapyramidal side effects. It 
seems likely that these effects were produced by a 
metabolite that, unlike panamesine itself, acts di- 
rectly at dopamine D 2 receptors (Frieboes et aL, 
1997; Grunder et al, 1999a; Huber et al, 1999). 
Other sigma ligands, including SR 31742A, are cur- 
rently in clinical trials, and more information about 
the antipsychotic potential of these agents should 
soon become available. 

Cannabinoid (CB^ receptor antagonists 
Another original approach to the development of 
antipsychotic drugs involves agents whose actions 
may be mediated by endogenous cannabinoid mech- 
anisms. It is believed that many of the pharmacolog- 
ical effects of marijuana may be mediated through 
specific receptors (CBj and CB 2 ), and it has been 
proposed that dysfunction of the endogenous 
cannabinoid system may play a role in the produc- 
tion of at least some of the symptoms of schizophre- 
nia (Emrich et aL, 1997). The recent finding that 
levels of the endogenous cannabinoids anandamide 
and palmitoylethanolamide were increased in the 
cerebrospinal fluid of schizophrenic patients seems 
consistent with this hypothesis (Leweke et aL, 1999). 
Furthermore, cannabinoid receptor agonists such as 
delta9-THC have been found to activate mesolimbic 
dopaminergic neurons through an action on CB i 
receptors (French, 1997; Gessa et aL, 1998). These 
observations have led to the suggestion that com- 
pounds with CBj antagonist properties might pro- 
duce antipsychotic effects (Alonso et aL, 1999). 

A selective CBj antagonist, SR 141716, has been 
discovered, and its pharmacology analysed in some 
detail (Rinaldi-Carmona et aL, 1995, 1996). This 
compound antagonizes most of the pharmacological 
effects of cannabinoid receptor agonists (for exam- 
ple see Costa et aL, 1999), and has also been found 
to inhibit the stimulant action of amphetamine and 
cocaine in habituated but not in non-habituated 
gerbils, a profile also shown by clozapine (Poncelet 
etaL, 1999). In addition, SR 141716 increases Fos-like 
immunoreactivity in limbic and cortical regions of 
rat brain, an action it shares with a number of the 
newer antipsychotics (Alonso et aL, 1999). These 
effects suggest that SR 141716 may show clinical 
antipsychotic activity, and clinical trials are currently 
underway to test this hypothesis. 

CONCLUSIONS 

The recent introduction of several so-called atypical 



or new generation antipsychotic drugs seems to have 
significantly improved the treatment and quality of 
life of schizophrenic patients. The interest generated 
by these drugs has also had the effect of stimulating 
research, so that a large number of drug discovery 
and development programmes searching for novel 
antipsychotics are currently underway. Many of these 
are based on neurochemical mechanisms modulated 
by clozapine and other multi-receptor drugs, in the 
belief that these mechanisms may play important 
roles in the efficacy and good side effect profiles of 
these drugs. However, as noted several times in this 
paper, all the currently used drugs, and many still in 
research and development, block dopamine recep- 
tors. Thus, although it has been necessary to develop 
more sophisticated versions of the dopamine hy- 
pothesis of schizophrenia since it was first proposed 
over two decades ago (for example see Joyce, 1993; 
Willner, 1997), evidence still suggests that dopamine 
receptors play a major role in mediating the effects 
of antipsychotic drugs. 

It is possible to identify three main threads run- 
ning through antipsychotic drug research at present. 
The first consists in the search for agents that, in 
addition to showing antagonistic activity at do- 
pamine D 2 receptors, also act at other neurotrans- 
mitter receptors. Following the lead shown by cloza- 
pine, risperidone, olanzapine and some other drugs, 
the emphasis has been on affinity for S-HT^ recep- 
tors. However, it seems likely that more novel com- 
pounds targeting other receptors, perhaps 5-HT 1A or 
a 2 -adrenergic, might produce drugs with somewhat 
different profiles, and perhaps advantages in at least 
some patients. 

The second major area of research focuses on 
drugs acting selectively at dopamine receptors. The 
pharmacological and clinical profiles of amisulpride 
have confirmed that dopamine-selective drugs can 
show good efficacy and safety. With the current 
enthusiasm for research on dopamine receptor sub- 
types it is clear that additional, selectively dopamin- 
ergic drugs will be tested clinically in the near fu- 
ture. Such studies may help to clarify the exact role 
of dopamine and different receptor subtypes in both 
drug action and disease processes. 

The third research thread, which is surely the 
most speculative but also the most innovative, in- 
volves the development of antipsychotics without 
affinity for dopamine receptors. Over many years 
researchers have hoped that the development of 
non-dopaminergic antipsychotics would be possible 
and that such drugs would eliminate the side effects 
associated with dopamine receptor blockade, such as 
extrapyramidal symptoms and increases in prolactin 
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levels. Such drugs have yet to be found active. How- 
ever, several interesting approaches are currently 
being pursued, including sigma receptor ligands, 
neurotensin and CB l receptor antagonists, as well as 
glutamate receptor agonists, and it can be hoped 
that some will prove to be clinically efficacious. If 
they are, this might truly represent a new approach 
to the treatment of schizophrenia. It should be noted, 
however, that the logic of all these research and 
development programmes lies in interactions 
between novel mechanisms and dopaminergic path- 
ways. It is debatable, therefore, whether even these 
original drug targets will lead to what could be 
considered truly non-dopaminergic antipsychotic 
drugs. 
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Abstract: The classification of dopamine receptors proposed more than two decades ago remains valid today. Based on 
biochemical and pharmaceutical properties two main classes of dopamine receptors can be distuinguished: Di-like (Dj, 
D 5 ) and D 2 -like (D 2 , D 3 , and D 4 ) dopamine receptors. Dopamine receptors belong to the class of G protein-coupled 
receptors and signal to a wide range of membrane bound and intracellular effectors such as ion channels, secondary 
messenger systems and enzymes. Although the pharmacological properties of ligands for Dj-Iike and D 2 -like dopamine 
receptors are quite different, the number of selective ligands for each of the five receptors subtypes is rather small. Many 
drugs used to treat neurological and neuropsychiatry disorders like Parkinson* s disease, restless leg syndrome and 
schizophrenia have affinities for dopamine receptors. Such medications are not without limitations so the development of 
novel (selective or aselective) dopamine receptor ligands is of the utmost importance for improved therapeutic approaches 
for these diseases. In that respect it is also important to understand how dopamine receptor ligands affect receptor 
signalling processes such as desensitization, receptor heterodimerization and agonist-receptor trafficking, issues which 
will be discussed in the present review. Furthermore, attention is paid to interactions of dopamine receptors with serotonin 
receptors since many drugs used to treat above mentioned disorders of the brain also posses affinities for serotonin 
receptors. Because of the enormity of this area we have tried to focus more specifically on interactions within the 
prefrontal cortex where it appears that the serotonergic modulation of dopaminergic function might be very relevant to 
schizophrenia. 

Keywords: Drug efficacy, signal transduction pathway, receptor classification, neurological and neuropsychiatric disorders, 
dopaminergic drugs, schizophrenia, restless legs syndrome, prefrontal cortex. 



INTRODUCTION 

The catecholamine dopamine (DA) is a predominant 
neurotransmitter found in the brain, but also has an important 
role in the periphery, including e.g. regulation of 
cardiovascular function. In both instances the action of DA 
occurs through the activation of DA receptors and the 
present review discusses the recent developments in the 
pharmacology of central nervous system DA receptors. 
Several DA receptor ligands are effective drugs in treating 
neurological and neuropsychiatric disorders such as 
Parkinson's disease and schizophrenia and disturbances of 
dopaminergic systems in the central nervous system are of 
critical importance in the aetiology of these diseases. For this 
reason the development of novel selective dopaminergic 
drugs is the focus of many research programs both in 
academic and pharmaceutical industry laboratories. In 
addition to discussing the pharmacology of DA in this 
review we also pay attention to the classification, structure, 
regulation and signal transduction of DA receptors. The 
latter two aspects of DA receptor function are discussed in 
the light of the pharmacology of DA receptors and 
furthermore how these processes can influence 
(dopaminergic) drug efficacy. In that respect attention 
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is paid to such processes as receptor desensitization, 
heterodimerization of receptor complexes and agonist- 
receptor trafficking. Finally, in a separate section we discuss 
the interaction of DA receptors with serotonin receptors, as 
many novel antipsychotic drugs (APDs) (e.g. clozapine) 
possess mixed actions at dopaminergic and serotonergic sites 
and combined actions at 5-HT and DA receptors may be 
very important for efficacy versus a reduced side effect 
profile. 

DOPAMINE RECEPTORS - CLASSIFICATION, 
STRUCTURE AND REGULATION 

Classification of Dopamine Receptors 

Five DA receptor sub-types have been classified to date 
(Di through D 5 ), which are divided into two subclasses, 
namely D,-like (D, and D 5 ) and D 2 -like (D 2 , D 3 and D 4 ) DA 
receptors [1,2]. The classification of these two groups is 
based on the biochemical and pharmacological properties of 
the receptors as originally described [3]. Of the DA receptors 
the D 2 receptor was the first to be cloned [4] and a little later 
functional splice variants of this receptor were described (i.e. 
D 2 l and D 2S ) [5-7]. In addition, three polymorphic variants 
of the D 2 receptor exist, encoding for the amino acid 
substitutions Var 6 Ala, Pro 310 Ser and Ser 311 Cys [8]. Initially, 
due to the lack of selective ligands for the two splice variants 
the functional and pharmacological properties of the D 2L and 
D 2S variants were difficult to determine. However, recent 
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studies using knock-out mice for these two receptors have 
suggested that each splice variant is involved in different 
physiological processes. For example, the D 2 s variant is 
expressed on somatodendritic areas of dopaminergic 
midbrain neurons and serves as the DA auto-receptor [9], 
whereas the D 2 l receptor variant has been demonstrated to 
function preferentially post-synaptically and in synergistic 
interactions with other DA receptors such as the Di receptor 
[10,11]. So in general it is believed that the D 2 s and D 2 l 
splice variants are involved in pre- and postsynaptic 
dopaminergic neurotransmission, respectively [12]. 

After the cloning of the D 2 receptor two additional DA 
receptors belonging to the D 2 -like subgroup were described, 
the D 3 receptor [13] and the D 4 receptor [14]. The D 3 and D 4 
receptors are much less abundantly expressed in the brain 
than the D 2 receptor and their expression patterns seem to be 
restricted to limbic areas [1,15]. Similar to D 2 receptors, 
splice variants of the D 3 receptors exist but they encode for 
non-functional proteins (e.g. the truncated variant D 3nf ; "nf ' 
stands for nonfunctional) [6,16,17]. However, it has been 
demonstrated that the D 3nf variant can interact with the D 3 
DA receptor through heterooligomerization and can 
influence ligand binding [18]. Polymorphic variants of the 
D 4 receptor in humans have been described with repeat 
sequences (up to 10 repeats) of 16 amino acids in the third 
intracellular loop [19,20]. 

The Di receptor was cloned in 1990 [21-24] and the other 
member of the D r like group, the D 5 receptor was cloned a 
year later [25-27]. Presently no splice variants have been 
described for D r like receptors. Di receptors are highly 
expressed in the typical DA areas like for instance the 
neostriatum, the substantia nigra (SN) and nucleus 
accumbens (NAC), whereas the D 5 receptor has a much 
more restricted expression pattern (e.g. present in the 
hippocampus and hypothalamus) [2,15]. 

Structure of Dopamine Receptors 

DA receptors belong to the superfamily of G protein- 
coupled receptors (GPCR) that possess seven hydrophobic 
trans-membrane spanning domains (7TM receptors), 
connected by three extracellular and three intracellular loops 
and which signal via G protein-mediated pathways [28]. 
Seven subgroups or families of 7TM receptors have been 
distinguished of which the three most important groups are: 
family A (or family 1), rodhopsin/(32 adrenergic-like 
receptors (to which the DA receptors belong); family B (or 
family 2), glucagon/VIP/calcitonin receptor-like; and family 
C (or family 3), metabotropic neurotransmitter/calcium 
receptor [29]. In all DA receptors the extracellular 
N-terminal stretch and the three extracellular loops have 
approximately similar numbers of amino acids and a variable 
number of Af-glycosylation sites: two for D] and D 5 
receptors, four for D 2 receptors, three for D 3 receptors and 
only one for D 4 receptors [30]. The highest degree of 
sequence similarity can be found in the trans-membrane 
spanning domains, where the homology between Di-like and 
D 2 -like receptors amounts to 31% [31]. Between members of 
the same subfamily, the homology in the transmembrane 
spanning domains is much higher: Di and D 5 receptors 
display a 78% homology, the D 2 and D 3 receptors a 75% 
homology, whereas for D 2 and D 4 receptors still a 53% 
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homology exists [30]. The transmembrane spanning domains 
are thought to play an important role in ligand binding 
[29,32,33], although the second extracellular loop also seems 
to be involved [32,34]. 

Cysteine residues in the first and second extracellular 
loop contribute to receptor structure stabilization by forming 
an intra-molecular disulfide bridge [35]. In addition, several 
highly conserved residues, located mainly in the trans- 
membrane spanning domains, appear to play an essential 
role in maintaining structural integrity of the receptor [29]. 
An important difference between Di-like and D 2 -like DA 
receptors is the much larger third intracellular loop and the 
much shorter C-terminal stretch of the D 2 -like receptors 
[30,31], Like with other GPCRs a highly conserved cysteine 
residue is present in the C-terminal tail of DA receptors and 
by palmitoylation this site is likely to be anchored within the 
membrane and thus forms a fourth intracellular loop [36], 
The location of the palmitoylated cysteine residue is at the 
end of the C-terminal tail of D 2 -like receptors, whereas in 
D r like receptors (due to the much longer C-terminal tail) 
from this residue on, a long stretch of the C-terminus extends 
into the cytoplasmic compartment [ 1 ] . 

Regulation of Dopamine Receptors and Receptor 
Interactions 

DA receptor-mediated activity can, like that of other 
GPCRs, be regulated through an array of different processes, 
for example: homologous and heterologous desensitization, 
sensitization and endocytosis of expressed receptors [37-39]. 
An important factor involved in drug efficacy is receptor 
desensitization [40], an adaptational mechanism that 
prevents receptor overactivation. Upon ligand-mediated 
receptor activation a cascade of intracellular events is 
triggered (see below), including the activation of so-called G 
protein-coupled receptor kinases (GRKs) that are able to 
phosphorylate serine and threonine residues on the 
intracellular loops and the C-terminal tail of the GPCR. After 
a change in receptor configuration due to ligand-mediated 
activation the GPCR becomes prone to interact with GRKs. 
When receptor phosphorylation has occurred, another class 
of proteins involved in GPCR desensitization, the so-called 
arrestins, can bind to the (activated) receptor, leading to an 
uncoupling from the G protein signaling pathway, resulting 
in receptor desensitization [38,41]. In addition, binding of 
arrestins to the receptor can lead to endocytosis of the 
receptor from the neuronal membrane [37,41]. It has also 3 
been shown that the phosphorylation of the receptor can lead 
to receptor desensitization through a feedback mechanism 
via the activated second messenger system, e.g. following 
phosphorylation by protein kinase A (PKA) and/or protein 
kinase C (PKC) [38]. Desensitization can occur in response 
to the activation of the own receptor (homologous or 
agonist-dependent desensitization) but also to unrelated 
processes, like the activation of another type of GPCR 
(heterologous or agonist-independent desensitization). 

These (general) desensitization processes have also been 
described for DA receptors, but differences appear to exist 
[39]. The majority of information is available for Di 
receptors; phosphorylation of serine and/or threonine 
residues in the 3 rd cytoplasmic loop and the C-terminal tail 
(by PKA or GRKs) plays a role in receptor desensitization, 
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endocytosis and trafficking (including the sorting of 
receptors to intracellular compartments) [42-48]. Moreover, 
it has been suggested that Di receptor phosphorylation 
results in a conformational change of the 3 rd intracellular 
loop and/or the C-terminal tail, allowing arrestin proteins to 
interact with the activated 3 rd loop [48]. The regulation of the 
D 2 receptor appears to be more complex than that of the Di 
receptor and several studies indicate that the D 2 receptor 
undergoes multiple positive and negative regulatory events, 
which can differ largely depending on the cell and tissue 
type where the receptor is expressed [39], GRKs and 
arrestins also mediate D 2 receptor desensitization and 
endocytosis [49,50], but also PKC-mediated desensitization 
has been described and phosphorylation of serine and/or 
threonine residues in the 3 rd intracellular loop may contribute 
to desensitization [51]. Receptor endocytosis seems to be a 
more common mechanism of D 2 receptor regulation than Dj, 
perhaps via a variety of protein-protein interactions with the 
D 2 receptor and it is thought that this may underlie the 
complexity of D 2 receptor regulation [49-53]. 

Another important consequence for drug efficacy is 
receptor dimerization. Over the last few years it has become 
clear that GPCRs can not only form functional homodimers 
and heterodimers, but also oligodimers [54]. In addition to 
its consequence for ligand-receptor interactions, dimerization 
appears significant for receptor signaling regulation 
processes such as expression, desensitization, sensitization, 
endocytosis and trafficking [55-59]. In several studies it has 
been demonstrated that D 2 receptors are able to form dimers 
[60-62] and it has even been suggested that D 2 receptors are 
only present as oligomers [63]. Furthermore, oligomerization 
may have important implications for the pharmacological 
properties of the D 2 receptor. For example, D 2 receptor 
dimerization has consequences for cooperativity of ligand 
binding [60] and changes in DA concentrations can influence 
D 2 receptor dimerization and consequently ligand binding 
[64]. The 4 th transmembrane domain plays an important role 
in the formation of D 2 receptor dimers [65,66]. Evidence for 
D 3 receptor dimerization exists, but it has also been shown 
that D 3 receptors can form heteromultimers with a splice 
variant of the D 3 receptor, the D 3nf isofonn [18,67,68]. When 
expressed alone, the D 3n f variant does not produce functional 
receptors [6,16,17] but it was suggested that the 
heteromerization of D 3 and D 3nf receptors affects the 
pharmacological properties of the D 3 receptor and its cellular 
location [18,67]. It has also been suggested that Dj receptors 
are capable of forming dimers [69,70]. An intriguing concept 
is that DA receptors can form complexes with other GPCRs 
and thus affect the pharmacological properties of the 
receptors [71]. It has not only been demonstrated that DA 
receptors can heterodimerize with other DA receptors (e.g. 
D 2 /D 3 dimers [72] and D 3 /D 3nf dimers, see above), but DA 
receptors can also interact with non-dopaminergic GPCRs. 
So far, the formation of adenosine A^/DA D 2 dimers [73], 
adenosine Ai/ DA Di dimers [74] and somatostatin SST 5 /DA 
D 2 dimers [75] have been described (which might be 
important for the treatment of Parkinson's disease). 
Furthermore, neurotensin receptor activation affects DA 
agonist binding to the D 2 receptor [76], although 
neurotensin-DA receptor interactions can also occur 
downstream of the receptors [77]. Receptor-receptor 
interactions have not only important implications for 
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understanding how different GPCRs interact at both cellular 
and network levels [78,79], but they may also have 
significant consequences for the understanding and treatment 
of neurological and neuropsychiatric disorders like 
Parkinson's disease and schizophrenia [80]. 

SIGNAL TRANSDUCTION THROUGH DOPAMINE 
RECEPTORS 

In this section we will discuss the different effector 
systems regulated by DA receptor activation. All of these 
effector systems are coupled to DA receptors through 
G proteins and we will first give an overview of what is 
known about the different G protein coupling mechanisms. 
Subsequently we will discuss the two main effector systems 
that are coupled to DA receptors (the adenylyl cyclase 
system and the phospholipases) in more detail. Finally the 
ion channel systems affected as end targets by DA receptor- 
mediated signaling pathways will be discussed. 

It has to be considered that many of the studies assessing 
DA receptor-activated signal transduction pathways have 
been performed in heterologous expression systems (as is 
actually the case for GPCR-mediated signaling in general) 
[81]. This means that interactions of DA receptors with their 
effector systems through different coupling mechanisms are 
studied in artificial test systems, from which it is difficult to 
extrapolate to the in vivo situation. Indeed, in many cases it 
still has to be confirmed that the coupling mechanisms and 
effects on second messenger systems found in the expression 
systems also exist in the living nervous system. On the other 
hand, the use of heterologous expression systems has 
dramatically increased the knowledge about DA receptor 
signaling and enhanced the insights in DA receptor 
pharmacology. Furthermore, such studies have facilitated 
drug discovery processes. 

Interactions with G Proteins 

DA receptors use G proteins in several signal 
transduction pathways. As explained above, GPCRs can also 
interact with many other proteins, of which GRK's and 
arrestins are only two examples [82]. For dopaminergic 
GPCRs the third and second intracellular loops are thought 
to be the major sites that interact with G proteins, although it 
is not exactly clear through which receptor sequences the 
coupling occurs [28,29]. GPCRs couple to heterotrimeric G 
proteins, which are made up of a, (3 and y subunits. Four 
main classes of G proteins are distinguished: G s (activates 
adenylyl cyclase), Gi/ 0 (inhibits adenylyl cyclase), 
(activates phosholipase C) and G12/13 (have divers effects) 
[83-86]. After agonist binding, the receptor complex 
interacts with the heterotrimeric G protein complex (which is 
bound to GDP in its resting state), a process that will release 
GDP and exchange it for GTP. This in turn will result in the 
dissociation into a Gct-GTP and a G£y subunit, allowing the 
two G protein parts to interact with a wide variety of 
intracellular constituents. Slow hydrolysis of the Gct-GTP 
complex through intrinsic GTP-ase activity leads to a re- 
association of the Gcc-GDP and G0y subunits and an 
uncoupling of the whole G protein complex from the 
receptor, thus closing the cycle and ending the receptor 
signaling process. These processes can be influenced by a 
class of GTPase activating proteins, the so-called regulator 
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of G protein signaling (RGS) proteins, which shorten the life 
time of the activated state of the G protein by accelerating 
their hydrolysis of GTP [87]. 

It was demonstrated that DA receptors can couple to 
members of all four classes of G proteins. In general, 
coupling of Di -like receptors occurs mainly through Gct s and 
GOoif (stimulation of adenylyl cyclase) and Ga q (stimulation 
of phospolipase C) and D 2 -like receptors preferently couple 
to effectors via members belonging to the G<Xi/ 0 class of G 
proteins [28,88]. In addition, for D r like and D 2 -like 
receptors it has been demonstrated that Gpy subunits are able 
to activate downstream effectors, albeit that presently much 
more information on this signaling pathway is available for 
the D 2 -like receptors [88]. 

With the introduction of the concept of "agonist-receptor 
trafficking" by Kenakin [89] it became clear that the way 
that GPCRs interact with G proteins may be dependent on 
the type of agonist that activates the receptor. This concept 
postulates that different agonists can induce different 
receptor states with characteristic preferences for coupling to 
G proteins. So apparently different effector systems can be 
activated by different agonists interacting with the same 
receptor and this can have important consequences for the 
biochemical and pharmacological properties of the receptor 
under study [90]. Agonist-receptor trafficking may also play 
a role in D 2 receptor signaling. For example, it was shown 
that the coupling of D 2L and D 2C y S 3ii receptors to G proteins 
can be influenced when the receptors are activated with 
structurally different agonists and that this occurs by the 
ability of the agonists to induce different receptor states [91- 
93]. Finally, RGS proteins have been demonstrated to play a 
role as modulators of DA receptor-mediated signalling (e.g. 
RGS4 and RGS9), indicating that these proteins are able to 
affect DA receptor efficacy and that they may be possible 
targets for (new) drugs effective in treating neurological and 
neuropsychiatric disorders which involve disturbances in DA 
brain systems [87,94-99]. 

Coupling of Dopamine Receptors to Second Messenger 
Systems 

Adenylyl Cyclase 

In general, DA D r like receptors are positively coupled to 
adenylyl cyclase whereas D 2 -like receptors usually inhibit 
this enzyme [15,88]. Adenylyl cyclase is the enzyme 
responsible for the production of the second messenger 
cyclic AMP (cAMP) [15,100], which in turn is an activator 
of PKA, an enzyme that can phosphorylate a large variety of 
membrane-bound, cytoplasmic and nuclear proteins and thus 
has a significant effect on cellular physiology [101]. A much 
studied PKA substrate that plays a central role in DA 
receptor-mediated signaling is DARPP-32 (dopamine and 
cyclic AMP-regulated phosphoprotein, 32 kDa) [102]. 
When phosphorylated this multifunctional signaling protein 
(that is abundantly expressed in the neostriatum) is a potent 
inhibitor of protein phosphatase- 1, which is a major 
regulator of the phosphorylation state of many other 
downstream effectors like neurotransmitter receptors and ion 
channels. In addition, the latter effectors can also be directly 
phosphorylated by PKA. For instance, DA Di receptor- 
mediated phosphorylation by PKA of sites on the a-subunit 
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of voltage-dependent Na + channels reduces the Na + current 
amplitude [103]. Finally, via effects on PKA DA receptors 
are able to regulate the expression of transcription factors 
such as cAMP response element-binding protein, 
demonstrating that DA receptor signaling influences gene 
expression processes and can consequently shape long term 
processes such as memory [ 1 04- 1 06] . 

Although the effects of D r iike and D 2 -like receptor 
activation on adenylyl cyclase are in opposition, in certain 
cases it has been demonstrated that D 2 -like receptors can 
activate adenylyl cyclase type II. This activation (by D 2 and 
D 4 receptors, but not by D 3 ) is mediated by G|fy subunits, but 
occurs only when other activators of adenylyl cyclase (e.g. 
Goc s or PKC) are present [100,107]. Possibly such a 
synergistic action underlies the cooperative effects of Di and 
D 2 receptor activation on the firing activity observed in 
nucleus accumbens (NAC) neurons [108]. 

Phospholipases 

DA receptors can convey their signaling through 
different types of phospholipases [88]. In many cases this 
concerns phospholipase C (PLC), phospholipase D (PLD) 
and phospholipase A 2 (PLA 2 ). Phospholipases are enzymes 
which catalyze the hydrolysis of phospholipids [109]. 

PLC hydrolyzes the membrane-bound phospholipid 
phosphatidylinositol 4,5-biphosphate, resulting in the two 
intracellular messengers diacylglycerol (which activates 
PKC) and inositol 1,4, 5 -triphosphate (which releases Ca 2+ 
from intracellular stores) [110]. Evidence has been provided 
that DA Di receptors stimulate PLC through a GOq-mediated 
process [111-113], whereas other studies suggest that a 
different D r like receptor is involved in this signaling 
pathway [114,115]. Furthermore, it has been shown that D 5 
receptors can inhibit PLC activity, involving 0y subunits of 
the G z protein [116-119], Like for Di receptors also for D 2 - 
like receptors a role in PLC activation has been attributed 
[120], but more recent studies show that cooperativity of Di 
and D 2 receptors may be important for PLC-mediated 
signaling [121,122] which may help explain effects seen in 
in vivo systems. 

PLD catalyses the hydrolysis of phosphatidylcholine to 
produce choline and the signaling lipid phosphatidic acid, 
which in turn can be further metabolized to diacylglycerol 
and lysophosphatidic acid. Many GPCRs interact with PLD, 
which can also be activated by PKC and members of the 
low-molecular weight G protein families Rho and ADP- 
ribosylation factor [123]. DA receptors are also capable of 
regulating PLD activity. It has been demonstrated that D 2 - 
like receptors (D 2S and D 3 ) activate PLD through a 
mechanism that does not involve PKC and Gi/G 0 proteins, 
but is dependent on Rho A [124-126]. Less information is 
available on interactions of D r like receptors with PLD, but 
recently it was reported that D 5 receptors inhibit PLD 
expression and activity [127]. 

PLA 2 is capable of hydrolyzing phospholipids, a reaction 
that can yield arachidonic acid, the precurser of eicosanoids 
(which include the prostaglandins) and leukotrines. It is 
thought that PLA 2 activity not only plays a fundamental role 
in neuronal injury and inflammatory processes in the brain, 
but also in processes like nerve regeneration and neuronal 
cell growth [128], so a role in plasticity and recovery is 
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suggested. For more than a decade it has been known that 
DA receptors are involved in the regulation of the release of 
arachidonic acid evoked by Ca 2+ [129]. In particular, D 2 -like 
receptors (D 2 and D 4 ) seem to activate PLA 2 activity [130- 
132], albeit the D 3 receptor has no effect or inhibits PLA 2 
[133]. The exact mechanism underlying the modulation of 
arachidonic acid release is still unclear, but it is thought that 
PKC and GjOt and G^y subunits may be important players in 
the. regulation of DA receptor-mediated PLA 2 activity 
[134,135]. It is believed that through D 2 -like receptor 
mediated activation of the arachidonic acid pathway, 
feedback processes affecting dopaminergic neurotrans- 
mission are impacted (e.g. DA re-uptake [136]). No clear 
evidence has been presented that D r like receptors affect 
PLA 2 activity but early studies suggested that D x receptors 
may facilitate the D 2 receptor-mediated stimulation of 
arachidonic acid release [129]. 

Other Effector Systems 

Adenylyl cyclase and phospholipases are the most 
important second messenger systems that are coupled to DA 
receptors. However, several other effector systems are also 
controlled by DA receptor activation. In this section we will 
briefly discuss three such systems: the mitogen-activated 
protein (MAP) kinases (or extracellular signal-regulated 
kinases), Na + /H + exchangers and Na + -K + -ATP-ase. For more 
extensive overviews see Missale et al. (1998) [1] and Neve et 
al. (2004) [88]. 

Neuronal MAP kinases comprise a family of signaling 
cascades involved in the regulation of cell division and 
differentiation and many GPCRs (including DA receptors) 
are capable of affecting the activity of this cascade [137]. For 
almost all DA receptors (D r and D 2 -like receptors) an 
interaction with MAP kinases has been demonstrated, in 
most cases involving an activation of the cascade [88]. 

Intracellular pH, cell volume and transcellular Na + 
absorption are controlled by Na"7H + exchangers, a family of 
membrane proteins that can be regulated by many GPCRs 
[138]. In general, D 2 -like receptors activate Na + /H + 
exchangers (but not in all instances), whereas Dplike 
receptors seem to regulate Na + /H + exchanger activity in an 
inhibitory way [1,88]. 

Na + -K + -ATPase is the enzyme responsible for the active 
exchange of Na + and K + against their gradients and is thus 
responsible for maintaining the electrochemical gradient 
underlying cellular excitability. Furthermore, it is involved 
in driving the transport of fluid and solutes across the 
membranes of epithelial cells. It seems that only D r like 
receptors influence Na + -K + -ATPase activity (in an inhibitory 
way), but it has been suggested that in some cases a 
simultaneous D 2 -like receptor activation is necessary for 
obtaining a maximal effect [1,88]. 

Coupling to Ion Channels 

Since" DA receptors couple to many different signalling 
pathways, it is not surprising that they exert their effect on 
cell excitability through several ion channels. Among these 
K + , Ca 2+ and Na + channels play a prominent role and the 
direct consequence of this plethora of possibilities is that it is 
hardly possible to generalize the net effect of DA activation 
on cell excitability. 
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Potassium Channels 

The DA D 2 receptor is a strong activator of the so-called 
GIRK (G protein-coupled inward rectifying K + ) channel via 
the GPy pathway [139]. As originally demonstrated in the 
substantia nigra (SN) [140], D 2 receptor activation results in 
hyperpolarization of the membrane and reduction of the 
firing rate. This mechanism of action seems to be present in 
striatal and many other neuron types that contain the D 2 
receptor [141]. The D 3 receptor also couples to a GIRK 
channel and operates approximately through the same 
mechanism as was demonstrated in rat SN, which expresses 
predominantly the GIRK2 variant of the GIRK channel 
[142]. There are indications that in rat SN, the D 2 receptor is 
much more effective than the D 3 receptor [143]. Despite this 
rather consistent finding the D 2 receptor can also activate 
other K + currents: in medium spiny neurons the D 2 receptor 
activates a fast activating, slowly inactivating K + current 
(I D ), but this current is not activated in cortical pyramidal 
neurons [144]. It is well established that D 2 receptor-initiated 
GIRK current activation results in a reduced excitability in 
all neurons. 

In contrast with this mechanism, D! receptor activation 
has in general the opposite effect: it reduces voltage- 
dependent potassium currents mostly through intervention 
via the PKA or DARPP-32 signalling pathway. The reduced 
K + conductance allows the neuron to depolarize and 
enhances excitability and cell firing. As quite a large 
collection of K + channels can be modulated, the dynamics of 
the modulation can vary quite dramatically between brain 
regions. At least two main classes of voltage dependent K + 
channels can be distinguished [145-147]: the fast 
inactivating (< 20 ms) transient K + currents of the A-type 
(Ia) and the non- or very slowly inactivating (>200 ms) 
persistent K + currents (mainly I K and I D ). Both classes seem 
to be modulated by activation of the Dj receptor, but several 
signal transduction routes have been implicated. In the NAC, 
cAMP/PKA was involved in down regulating I A and so 
increasing the firing rate in the neurons. However, this study 
also concluded that a co-regulation of PKA through adenylyl 
cyclase by Dj receptors (via GJ and D 2 receptors (via G^) 
played a role in regulating the activity of I A [108]. There are 
more examples where co-activation of more than one class of 
DA receptors plays an important role in the regulation of the 
same target [107,148]. The functional outcome of these 
modulations becomes even more difficult to predict when 
specific neurons in a circuit are modulated. One example 
was reported in the prefrontal cortex (PFC) where PKA- 
mediated down regulation of K + -current in GABAergic 
interneurons through Di/D 5 receptors, and not through D 2 /D 4 
receptors, increased firing of these interneurons, so 
enhancing the GABA release and resulting in an enhanced 
inhibition of the principal cells [149]. Modulation of this fast 
transient current in particular affects the repolarization of the 
action potential and therewith the frequency and pattern of 
action potential firing. When persistent or slow-inactivating 
K + currents like I K or I D are modulated there will be a direct 
effect on membrane potential and on basic excitability. 
Examples of this mechanism were described in PFC layer V 
pyramidal neurons, where Di, and not D 2 receptors modulate 
the Id current, which directly attenuated resting membrane 
potential and cellular excitability [150]. The complexity of 
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the DA system is illustrated by the fact that similar neurons 
from the mPFC showed lowering of spike firing threshold by 
suppression of a non-inactivating inward rectifying K (IRK) 
current by Di receptor stimulation as well as by D 2 -receptor 
stimulation despite the fact that they exert opposite effects 
on PKA [151]. Using patch clamp analysis it could be shown 
that Di receptors exert their suppression by direct activation 
via a cAMP route, while D 2 receptors induce suppression of 
the IRK channel by dephosphorylation [151]. However, Di 
receptor activation was also shown to strongly modulate I D 
(in contrast to I A or Ik) in these neurons. Th. receptor 
activation did not have an effect on any of these K + currents 
[152]. 

Realizing that there are many exceptions, we can 
summarize the role of dopamine activated K channels in 
that Di receptor activation leads to depolarization and 
enhanced excitability, while D 2 receptor activation results in 
hyperpolarization and reduced excitability. 

Calcium Channels 

The second important class of ion channels that is 
modulated by DA are the voltage-gated Ca 2+ channels. 
Although the molecular variety is smaller than that of the K + 
channels, this does not mean that the possibilities for 
modulation are less extensive. The reason is that the Ca 
channels, besides their electrical function in the membrane 
also function as an entry pathway for Ca 2+ ions into the cell, 
which results in a large variety of indirect, but highly 
relevant forms of modulation. Details of the role of 
intracellular calcium are outside the scope of this review (see 
e.g. [153]). D 2 receptor activation stimulates PKC, PA 2 and 
PLD (see paragraphs above). The influx of Ca 2+ -ions leads to 
Ca 2+ -induced inactivation of the L-type current, while the 
activation of the second messenger systems often involves 
intracellular Ca 2+ mobilization with indirect influence on 
Ca 2+ currents. 

Like the K + channels, voltage-gated Ca 2+ channels can 
also be divided on the basis of their kinetics into channels 
that mediate transient inactivating current (N- and T-type) 
and channels that mediate more persistent current (L- and 
P/Q-type) (for a review of ion channels see Hille, 2001 
[154]). Different Ca 2+ channel types are often present in the 
same cell, but they can be differentially localized over the 
cell compartments, like soma and dendrites. In addition, a 
highly relevant functional distinction is made between low- 
voltage-activated Ca 2+ channels (T-type, threshold around 
-50 mV), which are generally not strongly modulated and 
high-voltage-activated Ca 2+ channels (all the other types, 
threshold for activation around -25 mV). A typical example 
of the complexity of Ca 2+ current modulation is found in the 
neostriatum where D 2 receptor activation in aspin^y 
cholinergic interneurons down regulates the N-type Ca + 
current [155,156] probably resulting in a decrease in 
acetylcholine release. Activation of D 2 receptors on spiny 
neurons in the same region down regulates the L-type Ca 
current [157] via a similar pertussis toxin dependent 
protein and decreases the glutamate release [158], promoting 
the low activity state of the neurons [159,160]. D 2 /D 3 
receptor activation also down regulates hormone secretion in 
other regions like the pituitary [161] or in cultured AtT-20 
cells [162]. 



Activation of the D r receptors has an even more 
differentiated effect: enhancing L-type currents [163,164] 
but reducing N- and P/Q-type currents [165]. The PKA and 
DARPP-32 pathways are involved in the D, receptor- 
mediated down-regulation of the N/P/Q-type Ca + channels; 
the consequence is a reduction in Ca 2+ influx, in excitability 
and in the tendency to generate calcium spikes [165]. The 
interaction sites on the Ca 2+ channel ( particularly on the al 
subunit) are known [166,167]. In the situation that Ca 2+ 
spikes are generated by this modulation, the localization of 
the Ca 2+ current also plays an important role. In pyramidal 
neurons in the somatosensory cortex the generation of Ca + 
spikes, and its modulation by Dj receptors is mainly located 
in the distal dendrites [168]. However, Ca 2+ spikes in 
neurons in the PFC, also initiated by synaptic activity in the 
distal dendrites, are generated by Ca 2+ currents in the 
proximal dendrites [169]. 

In summary, modulation of the L-type Ca 2+ current 
seems to follow the general pattern established for the K + 
current: D 2 receptor activation reduces L-type Ca 2+ current 
and reduces excitability, while Di receptor activation has the 
opposite effect. For the other Ca 2+ current types more 
complicated schemes have to be drawn. 

Sodium Channels 

Functionally, the main role of the Na + current in nerve 
cells is to initiate the upstroke of the action potential. 
Consequently, any modulation of this Na + current will be 
reflected in the excitability of the neuron. Na + currents come 
in even less functional diversity than K + channels or Ca + 
channels. Best known is the classic fast-activating and fast- 
inactivating Na + current originally described by Hodgkin and 
Huxley in the giant squid axon (concise review in Hille, 
2001 [154]). About ten molecular distinct oc-subunits have 
been cloned so far, which may differ in their pharmacology 
and their sensitivity to modulation. Without excluding a 
subtle (pharmacological) role for this considerable subunit 
variation in the fast Na + channel, we will treat the fast Na + 
current in this review as one functional class. In addition to 
this class a persistent Na + current has also been described; it 
has quite comparable activation characteristics as the fast 
Na + channel, but inactivates at a time scale of seconds 
instead of the classical few milliseconds [170]. This 
persistent Na + channel has not been molecularly identified 
and it is therefore debated whether we are dealing with a 
distinct channel or with a special functional state of the 
classical Na + channel. Functionally, the persistent Na + 
current is difficult to separate from the also often present 
window current through the fast Na + channel: in the voltage 
range where the inactivation and the activation function 
overlap, a small residual Na + current can be observed. The 
amplitude of the persistent and the window current is several 
orders of magnitude smaller than the maximal amplitude of 
the fast Na + current, but the difference in kinetics makes it 
highly suitable to influence membrane potential at least by 
several millivolts. 

Di receptor activation modulates the fast Na + channel by 
phosphorylation through the PKA / DARPP-32 pathways 
[103,171]. It down regulates the channel, reduces excitability 
and enhances spike threshold [172,173]. It has been 
suggested that Di receptor-induced phosphorylation of the 
Na + channel is involved in state switching of neostriatal 
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dopaminergic neurons [174]. Modulation of the persistent 
Na + current could happen along the same pathways, resulting 
in a reduction of the current amplitude, continuous 
depolarization and accompanied by a lower excitability 
[170,175,176]. It seems however, that the outcome of Di 
receptor modulation on the persistent current is much more 
variable and results are quite different in responses between 
brain regions, as for example an enhancement of the current 
has been reported in the PFC [177]. D 2 receptor activation 
also leads to a variety of changes in the Na + channel activity 
either up or down regulated [177,178]. In neostriatal neurons 
a decrease in Na + current was reported, mediated by 
binding and mechanistically explained by a shift of the 
inactivation function of the Na + current in hyperpolarizing 
direction [144], an explanation supported by work in 
cultured cell lines [179]. 

As most neurons contain a considerable subset of K + as 
well as of Ca 2+ and Na + currents, which cooperate in close 
harmony in the same voltage range, it is important to always 
consider the modulation of both current types by D r and/or 
D 2 -like receptors when trying to evaluate the net functional 
outcome of such a modulation in terms of its effect on 
neuronal firing activity. 

Summary 

DA receptor signaling appears to be complex and diverse 
and many transduction pathways and effector systems that 
are linked to the different DA receptor subtypes can be 
distinguished. In addition, DA receptor pharmacology is 
equally complex and processes like receptor desensitization, 
heterodimerization of receptor complexes and agonist- 
receptor trafficking may be involved in shaping the 
pharmacological properties of DA receptors. In the following 
section we will focus on the pharmacology of DA receptors 
and discuss this in the light of the aetiology and treatment of 
neurological and neuropsychiatric disorders like Parkinson's 
disease, restless legs syndrome (RLS) and schizophrenia. 
Especially for the latter disorder the interaction of DA 
receptors with 5-HT receptors will be discussed since this 
interaction may play a significant role in the disease process 
and in addition may be of importance for the effectiveness of 
(new) APDs. 

PHARMACOLOGY OF DOPAMINE RECEPTORS 

The literature describing the pharmacology of DA 
receptors is very extensive. The affinities of drugs for DA 
receptors belonging to the same group (D r like or D 2 -like) 
are more or less in the same range, whereas the differences 
in affinities of drugs for receptors of two different groups 
may be substantial. The differences in pharmacology of D r 
like and D 2 -like receptors as originally described more than 
two decades ago are still valid [3], yet a limited number of 
purely selective ligands are available for each of the five DA 
receptor subtypes. However, there have been significant 
developments in the last few years. For example, several 
selective D 3 (e.g. S33084) and D 4 receptor ligands (e.g. 
PD168077, L74 1,741, ABT724) are presently available. 
Table 1 demonstrates an overview of drugs possessing 
affinities for the DA receptors. In general, Di-like receptors 
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have a relatively high affinity for benzazepine ligands (e.g. 
A68930, fenoldapam, SCH23390), whereas the D 2 -like 
receptors have a preference for buthyropherone (e.g. 
spiperone, haloperidol) and substituted benzamide ligands 
(e.g. raclopride, remoxipride, sulpiride). As can be seen in 
Table 1 for several compounds a large variation in Kj values 
for the same receptor type has been reported (see e.g. 
iloperidone) and this may depend on whether agonist or 
antagonist binding has been performed or on the expression 
of receptors in cell systems or from native tissue. 

Disturbances of CNS DA systems are involved in several 
neurological and neuropsychiatric disorders such as 
Parkinson's disease, RLS and schizophrenia to name just a 
few. In line with this, drugs with affinities for DA receptors 
have proven to be effective in treating these disorders. 
However, no real dopaminergic "wonder" drugs have been 
developed to treat these disorders so far. In the case of 
schizophrenia, for example, the idea emerged during the 
1990's that finding a selective D 4 receptor ligand could have 
APD efficacy since it was found that in schizophrenics D 4 
receptor densities were increased and that the atypical APD 
clozapine had a relatively high affinity for this receptor [20] 
(Table 1). The finding however that the selective D 4 receptor 
antagonist L-745,870 was ineffective as APD in humans 
[222] demonstrates that a complex disorder like e.g. 
schizophrenia cannot be explained (and therefore be treated) 
by disturbances at the level of a single receptor. 

There are many excellent reviews discussing the 
therapeutic actions of dopaminergic drugs in Parkinson's 
disease [216,223,224] and schizophrenia [225-227] (insofar 
as the DA precursor 1-3,4-dihydroxyphenylalanine (L- 
DOPA) can be used to treat symptoms of the disease but this 
is often associated with wearing off, 'on-off symptoms and 
the development of dyskinesia; therefore, dopamine agonists 
such as pramipexole and ropinirole are proposed as first-line 
treatment in order to "save" L-DOPA). However, relatively 
less attention has been paid to RLS. Therefore we briefly 
discuss the literature regarding the therapeutic actions of 
dopaminomimetic drugs in RLS and further we discuss 
specific interactions of dopaminergic and serotonergic 
systems and potential implications for psychotic disorders 
such as schizophrenia. 

Restless Legs Syndrome 

Restless legs syndrome or Ekbom's syndrome is 
characterized by the urge to move the legs often 
accompanied or caused by uncomfortable and unpleasant 
sensations in the limbs which are worse during restlessness 
and inactivity, partially relieved by movement and more 
severe at night or in the evening (for review see [228]) and is 
a major cause of insomnia. RLS is a generally under- 
diagnosed disorder with a relative prevalence of 1-15% of 
the general population [229,230]. The cause of RLS remains 
unclear. Given the treatment efficacy of dopaminomimetics 
and links of Parkinson's disease with RLS many have 
considered a link with DA. Cerebrospinal fluid from RLS 
patients was analysed and no changes were found in age- 
corrected contents of the DA metabolite homovanillic acid 
(HVA) (and neopterin), while the 5-HT metabolite 
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Table 1. Affinity Values of Dopaminergic Ligands for the Five Dopamine Receptor Subtypes (Ki Values, in nM Unless Stated 
Otherwise) 
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lowered dopaminergic tone decreases the spinal 
monosynaptic stretch reflex in wild-type mice, while in DA 
D 3 receptor knockout mice this was reversed by the D 3 
agonists pergolide and PD 128907 and in turn increased by 
the D 3 antagonist GR 103 691 [244]. No such effects were 
seen in homozygote knockout mice suggesting a key role of 
the D 3 receptor leading to the suggestion that possibly RLS 
symptoms might be due to changes in D 3 receptor function in 
the spinal cord [244]. Circadian changes in spinal DA 
production in D 3 knockout mice support such a concept 
[245]. However, these latter studies focus on 
electrophysiological studies ex vivo in isolated organs and 
while it is interesting to speculate that the disease might 
involve such mechanisms given the putative actions of anti- 
RLS medications at D 3 receptors (such as ropinirole) further 
in vivo studies will need to be conducted to assess whether 
changes in this spinal reflex contribute to the disease 
process. 

SEROTONERGIC AND DOPAMINERGIC RECE- 
PTOR INTERACTIONS, RELEVANCE FOR SCHIZO- 
PHRENIA 

The hypofrontality model of schizophrenia proposes a 
hypoactive medial prefrontal circuitry in schizophrenia 
[246]. Studies have demonstrated that DA levels in the 
mPFC can be augmented by serotonergic compounds (e.g. 
[247,248]). A "normalization" of reduced DA function may 
have a role in decision making, working memory and 
attentional processing [249] and may also have an additional 
role in the treatment of negative symptoms of schizophrenia 
[246]. For example, preclinical studies have demonstrated 
that 5-HTia receptor agonism appears to improve attentional 
processing in the mPFC [250] and the 5-HT 1A partial agonist 
tandospirone improved cognition in schizophrenic patients 



5-hydroxyindoleacetic acid and tetrahydrobiopterin were 
reduced [231]. Positron emission tomography (PET) studies 
suggest that D 2 receptor binding is reduced in the striatum in 
L-DOPA or treatment-naive patients (compared to age- 
matched controls) [232,233]. DA uptake binding was either 
slightly reduced or unaffected, respectively [232,233]. In 
successfully treated patients no changes in the ratio of 
striatum:frontal cortex D 2 receptors were seen (compared to 
age-matched controls), leading to the suggestion that positive 
treatment efficacy may result in normalisation of such 
measures [234]. Nocturnal (but not day-time) L-DOPA 
neuroendocrine challenge studies suggest a pronounced 
inhibition of prolactin release and an increase in growth 
hormone levels in RLS patients; moreover prolactin plasma 
levels were significantly correlated to the extent of disease 
[235], suggesting the link between the disease and 
dopaminergic D 2 receptor tone. These data suggest that 
diurnal variation in DA responsiveness could account for the 
symptomatologies. It has been suggested that diurnal 
variations in melatonin might modulate DA responsiveness 
leading to worsening of RLS symptoms [236] . While opioids 
and benzodiazepines have proved efficacious for the 
treatment of RLS, dopaminomimetics have become the 
mainstay of treatment strategies. A variety of DA agonists 
have been tested in clinical trials e.g. ropinirole, rotigotine 
(patch), cabergoline, pirebedil, pergolide and pramipexole, 
and have all demonstrated efficacy for the treatment of the 
disease [237-242]. Basic research leading to novel treatment 
strategies for RLS are limited due to the poor availability of 
animal models. For example, studies in animals have 
assessed periodic limb movements, the role of iron 
deficiency or lesions of specific lesions of the A8 and All 
dopaminergic regions, all as potential animal models but 
they have limited applicability to the clinical situation (for 
review see [243]). More recently, it has been suggested that 
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[251,252]. Therefore a discussion of serotonergic 
interactions at the level of the mPFC is warranted not only 
from a basic science perspective but also for its implications 
in schizophrenia. 

Serotonin and Serotonin Receptors 

Following the initial discovery of serotonin (5- 
hydroxytryptamine; 5-HT) in the intestine [253], serum 
[254] and brain [255] and the description of the 5-HT D and 
5-HTm receptor subtypes [256], a wide variety of 
serotonergic receptors has been shown to exist. To date up to 
fifteen serotonergic receptor subtypes have been described: 
5-HT 1A , 5-HTib, 5-HT, D , 5-HT 1E , 5-HT 1F , 5-HT2A, 5-HT 2B , 
5-HT 2C , 5-HT 3 (although compelling evidence exists for 
5-HT 3A and 5-HT 3B receptors), 5-HT 4 , 5-HT 5A , 5-HT 5B > 5- 
HT 6 and 5-HT 7 . Additionally, a variety of splice variants 
have been described for various receptor types (for review 
see [257]). Many of the serotonin receptors have been 
implicated in the modulation of the dopaminergic system: 
including the 5-HT 1A , 5-HT 1B , 5-HT 1D , 5-HT2A, 5-HT 2C , 5- 
HT 3t 5-HT4 and 5-HT 6 receptors and as such may have 
relevance for schizophrenia. Like dopaminergic receptors a 
wide variety of selective pharmacological agents have been 
developed to assess the role of serotonergic receptors and 
transporters in the brain and these have been adequately 
reviewed elsewhere (e.g. [257]). 

5-HT Efferents and Afferents to Dopaminergic Nuclei 

The serotonergic cell body regions were arbitrarily 
assigned as B1-B9 [258] and while they penetrate essentially 
all areas of the central nervous system, Bl and B4 project to 
the spinal cord and brain stem. The rostral serotonergic 
nuclei of the dorsal raphe nucleus (DRN; B7 and its caudal 
extension B6), median raphe nucleus (MRN; B8 and B5) and 
B9 (a lateral extension of the base of the MRN) project to 
forebrain regions [259-262]. Efferent projections from both 
the MRN and DRN connect with the SN zona compacta 
(SNc; A9) and the ventral tegmental area (VTA; A 10), 
whereas the projection areas of the SNc and VTA (the 
striatum and NAC) receive afferent projections from the 
DRN while the mPFC has both DRN and MRN afferents 
[263-269]. Within the VTA, SN, NAC, striatum and mPFC 
and even the DRN there exists a putative interaction between, 
serotonergic and dopaminergic systems. 

Serotonergic Regulation of Dopamine Transmission in 
the Prefrontal Cortex 

Serotonergic afferents to the PFC affect dopaminergic 
neurotransmission. Early studies examined the effect of local 
5-HT application on extracellular DA levels in the PFC and 
striatum respectively [270]. Local 5-HT application dose- 
dependently increased extracellular DA levels in both 
regions, but this effect was more marked in the PFC 
compared to the striatum. Characterization of the 5-HT 
receptor subtype responsible for modulating extracellular 
DA levels has suggested that the 5-HTi A , 5-HT 1B /id, 5-HT 2a , 
5-HT 2C , 5-HT4 and 5-HT 6 receptors may be involved in these 
actions [270]. However, studies have not yet elucidated any 
role of the 5-HT 1E /if, 5-HT 2B , 5-HT 5A/5b or 5-HT 7 receptors 
in modulating frontal dopaminergic function. 
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5-HT Reuptake Regulation of Dopamine Transmission in 
the Prefrontal Cortex 

A number of studies have examined the influence of 5- 
HT on dopaminergic neurotransmission by assessing the 
effects of serotonin specific reuptake inhibitors (SSRIs) on 
extracellular DA levels in the PFC [271-274]. For example, 
systemic fluoxetine increased extracellular DA levels in the 
PFC, while citalopram, fluvoxamine, paroxetine and 
sertraline failed to elicit this effect when tested at doses that 
caused elevation of synaptic 5-HT [272]. The degree of 
selectivity of the SSRIs may well impact on the results 
observed. Dose-dependent increases in PFC DA levels have 
been reported by others following systemic fluoxetine but 
not fluvoxamine administration [275] although local PFC 
application of fluoxetine and fluvoxamine alone were 
associated with increased extracellular PFC DA levels. 
However, controversies in the literature exist; others have 
demonstrated that systemic administration of paroxetine and 
citalopram can also increase extracellular PFC DA levels 
[276,277]. These effects appear to be specific to the PFC as 
administration of systemic fluoxetine and citalopram alone 
failed to alter extracellular DA levels in the NAC [277]. 
Paroxetine and fluoxetine-induced increases in PFC DA 
levels were reversed by the 5-HT 3 receptor antagonist 
granisetron [277] but fluoxetine was able to antagonize 5- 
HT 2C receptors [272], suggesting that the increase of 
extracellular DA levels in the PFC could be independent of 
SSRI characteristics and/or mediated via other 5-HT 
receptors (either directly or indirectly) [277]. 

In vivo characterization of the 5-HT releaser 
3,4-methylenedioxy-methamphetamine (MDMA)-induced 
5-HT release suggested that increases in dopaminergic 
neurotransmission are observed that are dependent on 
serotonergic mechanisms [277,278], further supporting a 
faciiitatory role of serotonergic systems on PFC 
dopaminergic function, although MDMA also releases DA 
itself. 

The interaction of serotonin with dopaminergic systems 
in the cortex has obvious implications for the treatment of a 
range of diseases most notably including depression and 
schizophrenia [273 ,279] . 

Combination of SSRIs and APDs on Dopamine Release 

Dopamine D 2 receptor antagonists increase synaptic DA 
levels in the mPFC [280]. Evidence suggests that the SSRI 
fluvoxamine (at an effective dose to increase 5-HT) did not 
have an effect on extracellular DA levels in the PFC and 
striatum. However, when the D M receptor antagonists 
sulpiride or haloperidol were co-administered with 
fluvoxamine enhanced DA levels in the PFC but not 
striatum, were seen, in contrast to DA D^ antagonists alone. 
This suggests potential atypical-like actions (see later) which 
could be reduced by 5-HTi A receptor antagonism using 
WAY100,635 [281]. The systemic combination of the APD 
quetiapine with fluvoxamine resulted in an increase of 
extracellular DA levels in the rat dorsal striatum, PFC, NAC 
and thalamus [282]. Interestingly, quetiapine alone had no 
effect on extracellular DA and 5-HT levels in the PFC and 
thalamus, but was associated with an increase in extracellular 
DA and 5-HT levels in the dorsal striatum and NAC [282]. 



Dopamine Receptor Pharmacology 



CNS & Neurological Disorders - Drug Targets, 2006, Vol 5, No. 1 



15 



Nonetheless, quetiapine possesses weak effects at D 2 
receptors [283], consistent with low occupancy at the D 2 site 
but which does coincide with clinical efficacy [284-286] and 
possesses a PET profile similar to that of clozapine (see 
[284]). 

Many classical and atypical APDs increase mPFC DA 
but the selective actions in the mPFC (vs. the striatum) 
appears restricted to the atypical agents (for example [287- 
291] and it is believed that 5-HT 1A -5-HT 2A receptor 
modulation plays an important role in these effects. 

5-HT 1A Receptor Regulation of Dopamine 
Neurotransmission in the Prefrontal Cortex 

The 5-HT 1A receptor agonist (±)-8-hydroxy-2(di-n- 
propylamino)tetralin (8-OH-DPAT) increases basal DA 
utilization and release in the mPFC [292], while decreasing 
5-HT release [293]. Interestingly, 8-OH-DPAT attenuated 
PFC DA release elicited by mild footshock stress, suggesting 
that 5-HT 1A receptors regulate DA overflow in the PFC 
under overt and stressful conditions. 

Stimulation of 5-HTi A receptors influences DA turnover 
in extra cortical areas, which may be relevant for 
.schizophrenia: 8-OH-DPAT decreased L-DOPA 
accumulation in rat striatum following administration of the 
1-aromatic amino acid decarboxylase inhibitor NSD-1015 
[294], Striatal L-DOPA accumulation induced by 
amphetamine was attenuated by 8-OH-DPAT. However, 
both amphetamine and 8-OH-DPAT decreased cortical L- 
DOPA accumulation but did not influence L-DOPA 
accumulation in the NAC [294]. 8-OH-DPAT blocked 
amphetamine-induced increases in extracellular PFC DA and 
5-HT levels which were reversed by the 5-HTi A receptor 
antagonist WAY100,635 [295]. Also, 8-OH-DPAT 
potentiated the ability of a low (but not high) dose of the D 2 - 
like DA receptor antagonist sulpiride to increase DA release 
in the NAC but not in the striatum in a 5-HT !A receptor- 
dependent manner [248]. Taken together, this suggests that 
the relative tone of the dopaminergic system might be .very 
important with respect to dopamine - serotonergic 
interactions mediated via the 5-HTj A receptor. The 5-HTi A 
agonists ipsapirone and buspirone dose-dependently 
increased dialysate DA levels in the rat PFC [296] and acute, 
but not chronic, systemic buspirone administration increased 
impulsivity which was blocked by WAY 100,63 5 [297], 
which may be related to the PFC. Interestingly, the ability of 
ipsapirone to increase DA release in the rat PFC was 
antagonized by the partial 5-HT !A agonists NAN- 190 and 
WAY100,135. When given alone NAN-190 also increased 
dialysate DA levels in the PFC while WAY 100, 135 alone 
had no effect. A similar result was seen when the low 
affinity 5-HTi A agonist mirtazapine was used. Mirtazapine 
(also an a 2 adrenergic antagonist and 5-HT 2A receptor 
antagonist) dose-dependently increased DA but not 5-HT 
levels in the PFC [298] which was attenuated in the presence 
of WAY1 00,635. Systemic administration of the 5-HT !A 
agonist flibanserin reduced dialysate PFC NA and 5-HT 
levels but increased PFC DA levels, all of which were 
reversed in the presence of WAY 100,635 (which by itself 
had no effect on any of the monoamines tested) [299]. Taken 
together, these results suggest that 5-HTi A receptor 



stimulation is associated with increased PFC DA release. 
The atypical APD aripiprazole, a 5-HTj A receptor partial 
agonist (and partial DA D 2 agonist), has been tested for its 
effects on systemic DA levels measured in the PFC and 
striatum at relatively high doses [300]; acute and chronic 
systemic administration failed to alter DA release in both the 
PFC and striatum in contrast to olanzapine which induced a 
preferentially increase in frontal DA but was associated with 
increased levels of the DA metabolites DOPAC and HVA in 
the same brain regions. Chronic administration (21 days) 
was associated with a marginal reduction in PFC dopamine 
compared to basal, although a reduction was also seen after 
vehicle administration and no significance from vehicle was 
observed. However, in another study [289] low doses of 
aripiprazole (0.1 and 0.3 mg/kg, but not at higher doses) 
augmented PFC and hippocampal DA (effects reversed by 
WAY 100,635) and reduced NAC (at 3 and 10 mg/kg) DA. 

Homogeneity in the 5-HT !A receptor regulation of frontal 
cortical monoamine release between species is suggested by 
a study in mice (as compared to previous rat studies) which 
demonstrated decreases in 5-HT and increases in DA release 
with systemic 8-OH-DPAT or MKC-242 administration, 
which were 5-HT !A receptor dependent [281]. However 
intra-PFC perfusion with 8-OH-DPAT increased DA release 
without affecting PFC 5-HT release. 

Relevance of the 5-HT 1A Receptor Regulation of PFC 
Dopamine Release to Schizophrenia 

The preferential ability to increase PFC synaptic DA (vs. 
striatal DA) has been proposed to differentiate between the 
atypical APDs such as clozapine, olanzapine, risperidone 
and ziprasidone from typical APDs such as haloperidol. Both 
clozapine and ziprasidone are 5-HT JA (partial) agonists and 
their ability to increase PFC DA levels is partially reversed 
in the presence of WAY100,635 [301]. In addition, 
WAY100.635 can also partially attenuate quetiapine-, 
iloperidone- and melperone-induced increases in dialysate 
PFC DA levels which is interesting given the known D 2 / 
5HT M antagonist. profile of these APDs [301]. Other work 
by the same group has demonstrated that the increase in PFC 
DA levels associated with the selective 5-HT 2A antagonist 
MDL100,907 are also reversed by WAY100,635 [302]. 
Taken together, this suggests that direct (or indirect) 
activation of 5-HT iA receptors may be important in 
regulating PFC DA release and by extension, antipsychotic 
activity and there is a 5-HT^ - 5-HT 1A receptor interplay 
controlling cortical DA levels following antipsychotic 
administration. 

5-HTj A receptor agonism improves attentional processing 
in the mPFC [250] which is important for the treatment of 
schizophrenia and suggests that direct, or even indirect, 5- 
HT !A agonist-like effects in the mPFC will improve 
attentional processing in schizophrenic patients. Clinical 
studies have demonstrated that the 5-HTj A partial agonist 
tandospirone improved cognition in schizophrenic patients 
[251,252]. 

Thus, there is compelling evidence that 5-HT !A receptor 
agonism, either direct or indirect, may help with at least 
some of the symptom sets of schizophrenia. 
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5-HTib/d Receptor Regulation of Dopamine Transmission 

Only one study has examined the contribution of the 5- 
HTib/d receptor to DA neurotransmission in the PFC. Local 
(intra-PFC) application of 5-HT was associated with a 
concentration-dependent increase in dialysate PFC DA levels 
which was completely blocked in the presence of the 
selective 5-HTi B /id antagonist GR127935 [270]. Similarly, 
infusions with the 5-HTi B receptor agonists CP93,129 and 
CP94,253 augmented mPFC DA and which was antagonized 
by GR127935 administration [270]. Similarly, the 5-HT 1B /d 
regulation of DA release at the levels of the VTA 'and NAC 
has been characterized; intra- VTA perfusion of CP93,129 
concentration-dependently increased both local and NAC 
dialysate DA levels. Co-perfusion of CP93,129 with the 
5-HTib receptor antagonist SB2 16641 or the 5-HTi D /ia 
receptor antagonist BRL 15572 antagonized both the effects 
on VTA and NAC DA levels while co-perfusion with the 5- 
HTia antagonist WAY 100,635 did not alter the CP93,129 
mediated increase in both VTA and NAC DA levels [303], 
suggesting that VTA 5-HTi B /d receptors regulate mesolimbic 
DA release. Whether VTA 5-HTi B/D receptors also regulate 
PFC DA release has not yet been established. 

5-HT 2A /2c Receptor Regulation of Dopamine 
Transmission in the Prefrontal Cortex 

Recent studies have demonstrated stimulatory 
modulatory actions on DA release following systemic 
administration of 5HT 2A /2c antagonists in the mPFC. The 
selective 5HT 2A antagonist Ml 00,907 alone had no effect on 
PFC DA levels while the 5-HT2A/2C antagonist SR46349-B 
increased PFC DA release [304]. SR46349-B potentiated 
haloperidol-induced DA release in the PFC and NAC, but 
MDL 100,907 potentiated haloperidol-induced mPFC DA 
release [280]. Furthermore, the 5-HT 1A receptor antagonist 
WAY 100,63 5 was reported to antagonize the effects of 
haloperidol plus MDL100,907 as well as SR46349-B on DA 
release in the mPFC [304]. Taken together, this suggests that 
5-HT 2A and 5-HT 2C antagonism together with D 2 receptor 
antagonism may potentiate mPFC DA release via 5-HT 1A 
receptor stimulation. Local administration of MDL 100,907 
into the mPFC blocked both DA release stimulated by the 5- 
HT 2 receptor agonist l-(2,5-dimethoxy-4-iodophenyl)-2- 
aminopropane (DOI) and by K + -stimulation suggesting that 
PFC 5-HT^ receptor stimulation potentiates the phasic 
release of mesocortical DA [305], The ability of systemic 
MDL 100,907 to potentiate the haloperidol-induced increase 
in PFC DA release may therefore rely on non-PFC 5-HT^ 
receptors [280,304]. 

The 5-HT 2 agonist DOI potentiated amphetamine induced 
PFC DA release. This effect of DOI was completely 
prevented by MDL 100,907 which by itself had no effect on 
basal or amphetamine-induced DA release [306], suggesting 
that the MDL1 00,907 potentiation of haloperidol-induced 
DA release in the PFC differs from that induced by 
amphetamine, where no potentiation was seen. This may 
reflect a dynamic interplay between D 2 and 5-HT 2A receptor 
populations but it is unclear why such differences occur 
between amphetamine-stimulated and D 2 antagonist-induced 
changes but perhaps this is related to the tone created by 
each manipulation. For example, amphetamine-stimulated 
release is an extremely strong stimulus and when sulpiride 



doses are high there is a lack of interaction with the 5-HT !A 
receptor [248], suggesting that at high levels of DA 
stimulation the effect is lost (or perhaps masked). This 
appears to be supported by the fact that the greatest effects 
have been noted with haloperidol at lower doses that produce 
less than 80% of DA D 2 receptor occupation (see [307]). 

Both systemic and intra-VTA but not intra-PFC 
administration of the 5-HT 2C agonist Ro60-0175 antagonized 
stress-induced PFC DA release without altering basal DA 
levels [308]. Nonetheless, administration of the 5-HT 2C 
antagonist SB242084 reversed the Ro60-0175-induced DA 
changes in the VTA and were associated with an increased 
PFC DA level suggesting that endogenous 5-HT tonically 
acts on VTA 5-HT 2C receptors to inhibit DA release in the 
PFC. Studies infusing the 5-HT 2C /2B receptor antagonist 
SB206553 into the mPFC via reverse microanalysis failed to 
demonstrate any local effects on synaptic DA under normal 
or high K + conditions, although similar administration in the 
dorsal striatum augmented striatal DA levels [309]. 

Electrophysiological studies have suggested that the 
electrical stimulation of the MRN causes an inhibition of 
prefrontal neurones and that these effects are inhibited by 
5-HT 2 receptor antagonism (RP62203). However, the 
inhibitory effect mediated by electrical stimulation of the 
VTA was not changed by RP62203 suggesting that 
serotonergic but not dopaminergic afferents are. under the 
control of 5-HT 2 receptors [310] which will impact 
dopaminergic function in the PFC. Certainly more recent, 
electrophysiological studies suggest that 5-HT 2A receptors 
modulate the excitatory post-synaptic potentials of layer V 
cortical neurones (for review see [311]), an area involved 
with higher order cognitive function and the aetiology of 
schizophrenia and abuse. Layer V is also associated with 
electrophysiological responses insofar as APDs such as 
haloperidol increase burst firing under conditions of reduced 
glutamatergic tone [312]. However, specific interactions 
between serotonin and DA and receptors have not been 
addressed at this level to the best of the authors' knowledge. 

Contribution of 5HT 2jV2C Receptor Blockade to 
Antipsychotic Activity 

The suggestion that 5-HT 2A and/or 5-HT 2C receptor 
blockade contributes to antipsychotic activity has been 
proposed by a number of authors (see [307]). Much of the 
data supporting this concept comes from atypical 
antipsychotic agents which possess higher affinity at the 5- 
HT 2A receptor than at the DA D 2 receptor and the ability of 
atypical APDs to preferentially augment DA in the mPFC 
(vs. striatum) [287-291] and it appears that 5-HT^ receptor 
antagonism is, at least in part, responsible for this action 
[288]. In addition, it has been shown in vitro that 5-HT^c 
receptors enhance D 2 receptor-mediated auto-inhibition of 
DA neurons in the VTA (and not the SN) [313], which may 
also contribute to the efficacy of atypical APDs. 

Local application of DOI by microiontophoresis in the 
PFC inhibited the cell firing which was antagonized by 
APDs such as clozapine and spiperone, which, among other 
receptor functionalities, possess 5-HT 2A receptor antagonist 
properties. In contrast, the typical APDs haloperidol and L- 
sulpiride did not antagonize the effect of DOI on PFC cell 
firing, suggesting that 5-HT 2A/2C blockade contributes to the 
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mechanism of action of clozapine and spiperone [314,315]. 
Studies with clozapine and arnperozide demonstrated 
preferential enhancement of PFC DA release while 
risperidone (a mixed D 2 receptor antagonist and 5-HT 2 
receptor antagonist) increased DA levels to the same extent 
in the PFC, NAC and striatum [316]. Interestingly DOI but 
not Ro60-0175 attenuated the increase in PFC DA levels 
associated with clozapine suggesting that 5-HT2A receptor 
blockade regulates in part the clozapine-induced increase in 
PFC DA release [302]. SB 242084 (a 5-HT 2C receptor 
antagonist) increased DA levels in the mPFC [317] whereas 
5-HT 2A receptor antagonists will only do this in the presence 
of (weak) DA D 2 receptor antagonism (see above) and this 
might be one of the reasons why SR46349-B augments DA 
when given alone [304] and why this compound possesses 
putative antipsychotic activity superior to the action to that 
of the selective 5-HT 2A receptor antagonist MDL 100,907 
[307]. Indeed, recent evidence suggests that 5-HT 2C receptor 
polymorphisms may be important for positive treatment 
outcome on negative but not positive symptoms [318]. 
However, it needs to be considered that polymorphisms of 
the 5-HT 2C receptor can result in antipsychotic-induced 
weight gain [319,320]. 

5-HT3 Receptor Regulation of Dopamine Transmission in 
the Prefrontal Cortex 

A number of studies have reported facilitatory effects on 
PFC DA release by 5-HT 3 receptor activation in the rat PFC 
which is impulse and Ca 2+ dependent [321,322]. Local PFC 
administration of n-methylquipazine (NMQ), a putative 
5-HT 3 receptor agonist in the PFC increased extracellular 
DA levels and decreased extracellular DOPAC levels. 
Interestingly, local administration of the 5-HT 3 antagonist 
BRL46470A had the reverse effect, a concentration- 
dependent decrease in extracellular PFC DA .levels. However 
neither BRL46470A or the 5-HT 2 antagonist MDL 100,907 
could attenuate the increased PFC DA levels induced by 
NMQ [321]. Pretreatment with the tyrosine hydroxylase 
inhibitor a-methyl-p-tyrosine attenuated the NMQ-induced 
increase in DA levels, suggesting that the elevation by NMQ 
of DA levels is dependent on newly synthesized stores of 
DA. Care must be taken in interpretating the effects of NMQ 
on PFC DA levels since mechanisms other than 5-HT 3 
agonism may be involved, such as changes in DA turnover. 

Microiontophoretic application of the 5-HT 3 receptor 
agonist 2-methyl-5-HT produced a current-dependent 
inhibition of the basal firing rate of PFC cells in sham- and 
5,7-dihydroxytryptamine-lesioned rats which was of greater 
magnitude in lesioned animals [323,324]. Administration of 
the SSRI fluoxetine was associated with an increase in 
extracellular PFC DA levels. Both local and systemic pre- 
treatment with the 5-HT 3 antagonist. ICS205930 blocked this 
effect in the PFC suggesting that fluoxetine increases 
extracellular PFC DA levels by stimulating local 5-HT 3 
receptors indirectly [325]. So possibly the inhibitory action 
of DA in the PFC is dependent upon 5-HT acting on local 5- 
HT 3 receptors. 

This inter-relationship between DA and 5-HT tone and 5- 
HT 3 receptor expression and functionality has not been 
limited to studies in which lesions of the 5^HT system have 
taken place. In animals with unilateral medial forebrain 



CNS & Neurological Disorders - Drug Targets, 2006, Vol 5, No. 1 17 

bundle 6-hydroxy-DA lesions, which lesions DA afferents, 
binding densities of the selective 5-HT 3 antagonist 
[ 3 H]GR65630 were reduced in PFC and entorhinal cortex on 
the lesioned side of the rat brain compared to the control 
tissues. Furthermore, an increase in affinity for 
[ 3 H]GR65630 binding was observed in the PFC but not in 
other regions such as the amygdala or hippocampus [326], 
suggesting that 5-HT 3 receptor expression and functionality 
is dependent on dopaminergic tone. 

Contribution of 5-HT 3 Receptors to Antipsychotic 
Activity 

The relevance of 5-HT 3 mediated effects on 
dopaminergic transmission has been studied by determining 
the effects of both dopaminergic and 5-HT 3 ligands on PFC 
cell firing. The atypical APD clozapine (and RMI81,582) 
could reverse the inhibition produced by DA and by the 5- 
HT 3 receptor agonists phenylbiguanide and 2-methyl-5-HT, 
although cautious conclusions should be drawn due to the 
"rich" pharmacology of clozapine [314], suggesting a 5-HT 3 
antagonist nature of clozapine [327]. 

The ability of 5-HT 3 receptors to gate the inhibitory 
action of the mesocorticolimbic (vs. nigrostriatal) DA system 
may account for the higher efficacy of atypical APDs with 5- 
HT 3 antagonistic activity (e.g. clozapine) in treating 
schizophrenic symptoms (for review see [328]). 

5-HT4 Receptor Regulation of Dopaminergic 
Transmission 

To date, no studies have reported the influence of the 5- 
HT 4 receptor on DA transmission in the PFC. However, the 
regulation of striatal DA release by the 5-HT 4 receptor has 
been demonstrated by several independent groups [329-331]. 
The ability of locally applied 5-HT to elevate striatal DA 
levels has also been shown to be dependent upon the 5-HT 4 
receptor, being reversed in the presence of the 5-HT 4 
receptor antagonist GR1 25487 or DAU6285 (a 5-HT 3/4 
antagonist) [331]. Local (intra-striatal) perfusion with the 5- 
HT 4 receptor agonists, renzapride and (S)-zacopride also 
elevated dialysate striatal DA levels which were completely 
antagonized by the 5-HT 4 receptor antagonists SDZ205-557 
and GR1 13808 [330]. In addition, the morphine-induced 
increase in striatal DA release was reversed in the presence 
of the 5-HT 4 receptor antagonists GR1 25487 and SB204070 
and potentiated in the presence of the 5-HT* agonist 
prucalopride [329]. It is therefore possible that either direct 
or indirect 5-HT 4 receptor-mediated mechanisms might have 
a role in the regulation of mPFC DA neurotransmission. 
Interestingly, no 5-HT 4 receptor regulation is apparent with 
respect to morphine-induced increase in NAC DA release. 
This may however reflect an interaction between opiate 
receptors and the 5-HT 4 receptor as 5-HT 4 ligands fail to 
influence amphetamine- and cocaine-induced DA release in 
these regions. [329,332] 

5-HT 6 Receptor Regulation of Dopamine Transmission in 
the Prefrontal Cortex 

Due to the paucity of selective 5-HT 6 receptor agonists, 
no study has thus far characterized the effect of 5-HT 6 
receptor stimulation. However, the administration of the 
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selective 5-HT 6 receptor antagonist SB271046 increased 
synaptic DA and NA levels without altering 5-HT 
neurotransmission in the PFC [333]. In another study the 
effects of the 5-HT 6 antagonist SB258510A on 
psychostimulant-induced locomotor activity, cocaine self- 
administration and increased extracellular DA levels in the 
frontal cortex and NAC were investigated [334]. The 
locomotor-activating effects of amphetamine were dose- 
dependently enhanced by pre-treatment with SB258510A. 
Similarly, amphetamine self-administration was dose- 
dependently altered by SB258510A in a manner indicative of 
enhanced reinforcing effects of amphetamine on both fixed 
and progressive ratio schedules of reinforcement. 
SB258510A treatment had no effect on either cocaine- 
induced locomotor activity or cocaine self-administration. 
Dual-probe in vivo microdialysis revealed that pre-treatment 
with SB258510A potentiated an amphetamine-induced 
increase in extracellular DA, more robustly in the mPFC 
than in the NAC indicating that activation of 5-HT 6 receptors 
may regulate behaviours related to amphetamine, and point 
to the mPFC as a possible site of action for these effects. 
Such effects may link with positive symptoms, but further 
studies will be needed to elucidate the role of 5-HT 6 
receptors fully on mPFC DA neurotransmission. 

Dopamine-Serotonin Interactions in Schizophrenia 

There is considerable evidence for the involvement of 
brain dopaminergic and serotonergic systems in (medicated) 
schizophrenia neuropathology [335]. Alterations in the 
expression of DA D 2 receptors in the caudate-putamen, 
prefrontal, perirhinal and temporal cortices were observed in 
medicated post-mortem schizophrenic brain compared to 
non-schizophrenic controls. These changes include altered 
laminar distribution of the DA D 2 receptor and modified 
modular organization of D 2 receptors in the superior 
temporal gyrus. However, post-mortem studies suffer from 
the difficulty to separate the effects of chronic exposure to 
APDs from that of the disease process. In medication-free 
schizophrenics, elevations of D 3 receptors in target regions 
of the mesolimbic DA system were highly correlated with 
elevated 5-HTi A receptor expression in PFC. In contrast, 
APD treatment was correlated with a reduction of D 3 
receptors in the NAC. 

Abnormalities in DA neurotransmission in the PFC have 
been implicated in the pathophysiology of schizophrenia. 
The integrity of the DA projections to the PFC in 
schizophrenic subjects is reduced by one-third in the deep 
layers (V/VI) of the dorsolateral PFC (Brodmann area 9) 
demonstrated by the reduction" of tyrosine hydroxylase (TH) 
and DA membrane transporter immunore activity [336]. 
Furthermore, primate studies have shown that the density of 
TH immunoreactivity was unchanged following chronic 
treatment with the D 2 receptor antagonist and typical APD 
haloperidol suggesting that APDs may not exert their effects 
via alteration of TH expression and that TH changes seen in 
patients may be a consequence of disease and not treatment 

The density of 5-HT uptake sites was unchanged in 
schizophrenia [336], 5-HT tone in these regions could be 
unaltered. However, in medicated schizophrenics, the density 
of 5-HT 2 a^c receptors was decreased in Brodmann areas 24 
and 6 irrespective of their antipsychotic treatment history 



[337], Interestingly, the ability of APDs to decrease 5- 
HT^c receptor binding may be linked to their therapeutic 
effect as unmedicated schizophrenics did not demonstrate 
this reduction in 5-HT^c expression. While the density of 
5-HT i A receptor expression was elevated in Brodmann areas 
24, 9a, 44 and 6 in schizophrenics, this did not appear to be 
related to APD treatment. Taken together, this suggests a 
dynamic interplay between the expression of DA and 5-HT 
receptors in schizophrenia and by APD treatment, making it 
difficult to draw firm conclusions. Moreover, a PET study in 
unmedicated patients failed to demonstrate changes in 5- 
HT 2A receptor density [338]. 

In summary, serotonergic - dopaminergic interactions 
play a key role in the regulations of mPFC dopaminergic 
function. More particularly 5-HT !A , 5-HT^, 5-HT 2 c 
receptors appear pivotal in interactions of APDs with mPFC 
dopaminergic levels. Increasing dopaminergic levels in the 
mPFC in schizophrenic patients may be pivotal in treating 
the symptoms of schizophrenia [246,249] and the actions of 
5-HTia agonists and 5-HT 2 receptor antagonists might be of 
key importance in improving symptomatologies in this 
patient-set. However, further studies will be needed to fully 
elucidate the role of other serotonergic receptor subtypes. 

ABBREVIATIONS 



APD = Antipsychotic drug 

cAMP = Cyclic adenosine monophosphate 

DA = Dopamine 

DARPP-32 = Dopamine and cyclic AMP-regulated 
phosphoprotein, 32 kDa 

DOI = 1 -(2,5-Dimethoxy-4-iodophenyl)-2- 
aminopropane 

DOPAC = 3,4-Dihydroxy-phenylacetic acid 

DRN - Dorsal raphe nucleus 

GDP = Guanosine diphosphate 

GIRK = G protein-coupled inward rectifying K + 

GPCR = G protein-coupled receptor 

GRK = G protein-coupled receptor kinases 

GTP = Guanosine triphosphate 

5-HT = 5-Hydroxy-tryptamine 

HVA = Homovanillic acid 

L-DOP A = 3 ,4-Dihydroxy-L-pheny lalanine 

MAP = Mitogen-activated protein 

MDMA = 3 ,4-Methy lenedioxy-methamphetamine 

' MRN = Median raphe nucleus 

NAC = Nucleus accumbens 

NMQ = N-methylquipazine 

8-OH-DPAT = 8-Hydroxy-2(di-n-propylamnio)tetralin 

PET = Positron emission tomography 

PFC = Prefrontal cortex 

PICA = Protein kinase A 
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PKC 




Protein kinase C 


PLA 2 




Phospholipase A 2 


PT C 




Phosnolinase C 


PLD 




Phospolipase D 


RGS 




Regulator of G protein signalling 


RLS 




Restless legs syndrome 


SN 




Substantia nigra 


SSRI 




serotonin Specific reuptake inhibitor 


TH 




Tyrosine hydroxylase 


7TM 




Seven hydrophobic trans-membrane 
spanning domains 


VTA 




Ventral tegmental area 
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